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1: General introduction 
 
DNA-binding proteins 
DNA-protein interactions are of great importance to maintain life 
activities. DNA-binding proteins (DBPs) play central roles in the 
essential processes of cells such as the replication and transcription of 
DNA based on DNA-protein interactions. DBPs are classified into two 
groups. One is a group of proteins that bind to any sequence of DNA 
non-specifically, and includes bacterial architectural proteins [1]. The 
other is a group of proteins that bind to the specific target DNA sites and 
includes transcription factors, restriction enzymes, DNA repair proteins, 
DNA and RNA polymerases, and DNA methyltransferases. Transcription 
factors and restriction enzymes read and recognize the specific DNA 
sequences. Several types of DNA repair proteins recognize the damaged 
DNA sites like mismatches, single-strand breaks and double-strand 
breaks [2, 3]. Despite the diverse functional variety of the 
sequence-specific DBPs, the common property of the proteins of 
fundamental importance is the target binding. 
 
Target search of the sequence-specific DBPs 
For sequence specific DBPs, the typical size of the target site is 
5~30 bp, whereas the typical size of the genome DNA is 106-109 bp. 
Accordingly, DBPs have to find the short target sites accurately and 
efficiently among a vast amount of non-specific DNA. The search time of 
sequence-specific DBPs is estimated to be within several tens of minutes 
in vivo [4-7]. How these DBPs achieve the short search time is called 
“target search problem”.  
The idea of the target search problem started from a seminal work. 
In 1970, Riggs et al. reported that the association rate of lac repressor to 
the target site was ~1010 M-1 s-1, which was much faster than the 
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diffusion-limited reaction rate (~108 M-1 s-1) estimated based on the 
volume of lac repressor [8]. To explain the acceleration of the target 
binding process, a model called “facilitated diffusion” was proposed, in 
which a DBP first attaches to DNA nonspecifically by 3-dimensional (3D) 
collision, and slides along DNA 1-dimensionally (1D) to reach the target 
[9]. By assuming that one DBP searches for a target in a long DNA by the 
1D sliding and the 3D diffusion, Slutsky and Mirny theoretically 
formulated the target search time tsearch as:  
 
𝑡search =
𝐿DNA×(𝑡1D+𝑡3D)
𝐿S
,  (1-1) 
 
where LDNA is the entire length of a genome DNA, LS is the sliding length 
defined as the distance where a DBP can slide one dimensionally in one 
binding event to DNA, and t1D and t3D denote the time during which a 
DBP performs the 1D and 3D search, respectively [9]. The 1D sliding 
length can be written as: 
 
𝐿s = √2𝐷𝑡1D,   (1-2) 
 
where D is the diffusion coefficient of the 1D sliding. Slutsky and Mirny 
revealed that the search time becomes optimal when t1D is equal to t3D. 
The optimal search time, topt, is calculated as: 
 
𝑡opt =
2𝐿DNA𝑡3D
𝐿s
.   (1-3) 
 
If a DBP searches for the target by only the 1D sliding and by only the 3D 
diffusion, tsearch becomes LS/2-fold and LDNA/2LS-fold longer than topt, 
respectively [10]. These results indicate that the combination of the 1D 
sliding and the 3D diffusion, the essential proposal of the facilitated 
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diffusion, can accelerate the target search significantly. The accumulated 
evidence over the past 30 years established that the facilitated diffusion 
is a general and important mechanism of DBPs searching for the target. 
In the current formulation of the facilitated diffusion, the 
combination of four mechanisms is proposed to be important for the 
facilitation of the target binding (Fig. 1-1) [11]. The first is the 1D sliding, 
in which a protein moves along DNA maintaining the interaction to DNA. 
The 1D sliding is considered to be effective for the target search due to the 
reduction of the dimensionality. The second is the 3D diffusion, in which a 
protein on DNA dissociates from DNA to a bulk solution, diffuses three 
dimensionally for a while, and reassociates to DNA at the site distant 
from the initial dissociation site. The third is the hopping/jumping along 
DNA, in which a protein sliding along DNA dissociates for a short period 
maintaining the electrostatic interaction with DNA and reassociates to a 
close site of DNA. The fourth is the intersegmental transfer (IST), in 
which a protein transfers from one site of DNA to another site through 
the formation of the DNA-protein-DNA complex. IST is considered to be 
more effective for the search process in cell environment where DNA is 
condensed to compact globules. The hopping/jumping and IST are 
considered to be important for the avoidance of roadblocks attached on 
DNA. 
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Fig. 1-1 Schematic view of the facilitated diffusion of a DNA-binding 
protein (pink circle) to search for the target (red line) among vast 
non-target DNAs (black curve). Facilitated diffusion is the combination of 
four mechanisms, 1D sliding, 3D diffusion, hopping/jumping and 
intersegmental transfer. 
 
 
Function and structure of p53 
A tumor suppressor protein p53 is a member of the 
sequence-specific DBPs, and plays a key role in the prevention of 
tumorigenesis of eukaryotic cells as a transcription factor. The copy 
number of the p53 protein is kept low in normal unstressed cells due to 
the rapid turnover caused by the ubiquitin-proteasome system [12]. p53 is 
stabilized and accumulated upon diverse stresses such as DNA damage 
and oncogene expression [13-16]. The accumulated p53 is transported into 
the nucleus and is activated by posttranslational modifications [12, 14]. 
Upon the activation, p53 binds to the target DNA sequence, and triggers 
the expression of downstream genes which are involved in, for instance, 
DNA repair, cell cycle arrest and apoptosis, leading to the tumor 
suppression [17, 18].  
p53 consists of four domains and one region, N-terminal domain, 
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core domain, tetramerization domain, C-terminal (CT) domain, and linker 
region (Fig. 1-2) [19]. The N-terminal domain is intrinsically disordered 
and is further divided into three parts, transactivation domain (TAD) I, 
TAD II, and proline-rich region [19, 20]. p53 transactivates the 
downstream genes by binding to cofactors such as transcriptional 
machinery components and chromatin modifiers through the TADs [19, 
20]. A ubiquitin ligase protein, MDM2 binds to the N-terminal domain, 
leading to the degradation of p53 by the ubiquitin-proteasome system [19, 
20]. The core domain has a folded structure and recognizes the target 
DNA sequence. The core domain adopts an immunoglobulin-like 
-sandwich structure, which is the scaffold for the DNA-binding surface 
consisting of a loop-sheet-helix motif and two loops stabilized by one Zn2+ 
[19, 21, 22]. The target DNA sequence consists of two decameric motifs 
RRRC(A/T)(T/A)GYYY separated by 0-13 bp, in which R and Y represent 
the purine and pyrimidine base, respectively [18]. About 90% of point 
mutations of p53 identified in human tumors are localized at the core 
domain [22, 23], which indicates the importance of the interaction 
between the core domain and the target sequence. The tetramerization 
domain is responsible for the tetramerization of monomers of p53. A 
tetramer is the basic functional unit for p53 in vivo. The tetramerization 
domain is composed of a short -sheet followed by an -helix [19, 24, 25]. 
p53 forms a dimer of two dimers. The primary dimers are formed by an 
antiparallel intermolecular -sheet and helix-packing interactions. Two of 
the primary dimers form a tetramer through the hydrophobic interaction 
between -helices [19, 24, 25]. The CT domain is intrinsically disordered, 
is highly charged by positive residues, and can bind to DNA 
non-specifically. The CT domain is subject to many posttranslational 
modifications such as phosphorylation, acetylation, and ubiquitination 
[12]. The linker region is intrinsically disordered and connects the core 
domain and the tetramerization domain. One of the nuclear localization 
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signals of p53, required for the transfer of p53 from cytoplasm to nucleus, 
is located in the linker region. 
 
 
Fig. 1-2. Schematic diagram of a tumor suppressor protein p53. (a) 
Domain organization of p53. Thick and thin lines denote the structured 
and intrinsically-disordered regions, respectively. NT, Core, Tet and CT 
represent N-terminal, core, tetramerization and C-terminal domain, 
respectively. (b) Quaternary structure of p53. Colors of the domains are 
the same as those in panel (a). 
 
Modifications and mutations of p53 
The function of p53 is intimately regulated by various 
posttranslational modifications such as phosphorylation of Ser or Thr, 
acetylation of Lys, ubiquitination of Lys, and methylation of Lys [12]. The 
transactivation of p53 are directly and indirectly influenced by those 
modifications by affecting, for example, the nuclear localization, the 
oligomerization state, the binding to partner proteins, and the target 
recognition [14, 26]. A representative of the modification is the 
phosphorylation of a serine residue (S392) located at the CT region, which 
is catalyzed by several kinases such as PKR, cdk9, and 
CK2/hSpt16/SSRP1 complex [27-29]. This modification enhances the 
target binding of p53 [28]. The increased affinity to the target was also 
ascertained by using the phosphorylation mimic mutant S392E both in 
vitro and in vivo; however, the detailed molecular mechanism of the 
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enhancement has not been clarified yet [30]. The regulation of the target 
binding by the posttranslational modifications is the fundamental 
mechanism required to understand the functions of p53. 
By contrast, the mutation of p53 frequently causes the loss of the 
target recognition. The mutation of p53 has been found in ~50% of human 
cancers [16]. The amino acid residues of p53 mutated frequently in 
cancers are called “hot spot”. A representative hot spot mutation is R248Q, 
which disrupts the target binding of p53 resulting in the loss of the 
expression of downstream genes [22, 31]. Most of the point mutations in 
p53 found in human cancers are located at the core domain [22, 23], and 
are usually categorized into two patterns. One is the structural mutation, 
which destabilizes the core domain and unfolds the domain. The other is 
the contact mutation, which disrupts the contact interaction between the 
core domain and the target DNA without unfolding the core domain. The 
R248Q mutant belongs to this category. In both of the patterns, p53 
cannot bind to the target sequence specifically and accordingly cannot 
express downstream genes, resulting in the carcinogenesis. The inhibition 
of the target binding caused by the mutation of p53 has a central role in 
triggering the carcinogenesis. 
 
Target search of p53 
To search for the target sequence, p53 utilizes the facilitated 
diffusion, which has been examined by our and other groups extensively. 
In 2001, the 1D sliding, the 3D diffusion and the target binding of p53 
were observed directly for the first time by atomic force microscopy [32]. 
In 2004, McKinney et al. prepared DNAs whose ends were blocked by 
streptavidin and observed that the dissociation of p53 from the blocked 
DNAs was slower than that from the non-blocked DNAs, and attributed 
the observation to the sliding off from the two ends of DNA [33]. In 
addition, they demonstrated the involvement of the CT domain for the 
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sliding [33]. In 2008, van Oijen and his collaborators observed directly the 
1D sliding of p53 along DNA by single-molecule fluorescence microscopy 
[34], and concluded that the diffusion coefficient of the 1D sliding is 
independent from the salt concentration and is ~106 bp2 s-1. They further 
revealed that the CT domain is required for the 1D sliding [35]. The 1D 
sliding of p53 was also investigated by coarse-grained molecular 
dynamics (MD) simulations by Levy’s group and Takada’s group [36-38]. 
In recent works, the dynamics of p53 was observed in cells by 
single-molecule fluorescence microscopy [39-41]. 
Our group followed basically the procedures of the experiments by 
van Oijen’s group and has investigated the facilitated diffusion of p53. 
First, we found that divalent cations such as Mg2+ and Ca2+ accelerate the 
1D sliding along DNA [42]. Second, we revealed that the 1D sliding of the 
full-length p53 is heterogeneous and composed of two modes with fast and 
slow diffusion coefficients [42]. Our subsequent study demonstrated that 
the fast mode can be further classified into the fast-I and the fast-II 
modes and that the difference of the modes is attributed to the number of 
the core domain interacting with DNA during the 1D sliding [43]. Third, 
we figured out that the linker region can also bind to the nonspecific 
sequence of DNA and recruits the association of the core domain to DNA, 
promoting the target recognition of p53 [44]. Finally, we estimated the 
dissociation rate constant of p53 from the non-target DNA, which are 
related to the 3D search [42, 43].  
In spite of the extensive investigations mentioned above, various 
important processes in the facilitated diffusion of p53 are still to be 
experimentally investigated. For example, it is unknown to what degree 
p53 can recognize the target sequence correctly when p53 arrives there. 
Furthermore, it is anticipated that hopping/jumping and IST should occur 
in the efficient target search of p53. Thus, to understand the whole 
picture of the target search of p53, the target recognition and IST must be 
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explored. 
 
Objective of this research 
Main objective of this research is to characterize the target 
recognition and IST of p53. In Chapter 2, I observed the target binding of 
p53 and estimated quantitatively the target recognition probability (TRP), 
which is defined as the probability of recognizing the target upon 
encountering the target site. For this purpose, the pseudo-WT, activated 
and inactive mutant of p53 were constructed and the dynamics of the 
mutants were observed by single-molecule fluorescence imaging. The 
single-molecule experiments revealed that p53 frequently passed over the 
target sequence and that the target recognition occurred at a relatively 
small ratio. I developed an analytical method to estimate TRP and found 
that the activating and inactivating mutation increases and decreases 
TRP compared to that of pseudo-WT p53, respectively. The data suggest 
that the modulation of TRP is important for the target search and tumor 
suppression by p53. 
In Chapter 3, I aimed to demonstrate and characterize IST of p53 
by ensemble and single-molecule fluorescence experiments. By the 
ensemble stopped-flow experiments, I figured out that IST of p53 is 
ultrafast and performed by using the CT domain. Furthermore, I 
constructed crisscrossed DNAs and observed IST at the single-molecule 
level. The transfer efficiency of p53 was 9-26%. The transfer time of p53 
was estimated to be 100-200 ms in the single-molecule experiments. I 
infer that the low transfer efficiency and the slow transfer time may be 
attributed to the slow collision of two DNAs. The data imply that p53 can 
perform IST to avoid obstacles on DNA such as other DBPs and 
nucleosomes, which makes the target search of p53 effective in vivo. The 
final goal of this research is to reveal the importance of the regulation of 
TRP and IST on the efficient target search of p53.  
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2: Target recognition of p53 
 
2-1: Introduction 
 
Transcription factor (TF) is a group of DBPs that binds to the 
target DNA sequence in a genome and regulates the expression of the 
downstream products, thereby controlling cell conditions. The binding of 
TF to the target is regulated by binding of various ligands or by 
posttranslational modifications such as phosphorylation and acetylation 
to TF [26, 45-48]. Typically, the activation of TF triggers its search for the 
target sequence in the huge genome. The activated TFs are considered to 
search for the target by the facilitated diffusion. The facilitated diffusion 
of TFs has been extensively studied both experimentally [6, 49-53] and 
theoretically [54-56]. Here, I propose a new and important component in 
the facilitated diffusion of TF in the target binding: the control of the 
target recognition probability (TRP) upon the activation of TF. TRP, 
defined as the probability of recognizing the target upon encountering the 
site, has been frequently assumed as 100%, meaning that the 1D sliding 
and the 3D encounter of TF to the target always engender binding [57, 58]. 
However, Hammar et al. demonstrated that only 53% of the encounter 
events of the lac repressor to the target results in its binding in vivo [6]. 
Accordingly, TRP is not necessarily 100%, and might vary from protein to 
protein. Moreover, the increase of TRP upon the activation of TF might 
regulate the target binding. Here I demonstrate experimental evidence 
that one example of TF, p53, indeed controls TRP after the activation.  
p53 is one of TFs known as “the guardian of the genome” [59]. 
Upon the various stresses against cells, p53 is activated and binds to the 
target DNA sequences, triggering the expression of downstream products 
that lead to DNA repair, cell cycle arrest, or apoptosis [17, 18]. p53 is a 
tetrameric protein, for which the monomeric unit with 393 residues 
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consists of four domains: N-terminal, core, tetramerization, and 
C-terminal (CT) domains [19]. The CT domain is intrinsically disordered 
and responsible for the non-specific binding to DNA. The core domain is 
structured and responsible for the recognition of the target DNA as 
exemplified by a mutant, R248Q, which is frequently identified in tumors 
and which does not express downstream genes because of the disrupted 
interaction between the core domain and the target [22, 31]. Various 
posttranslational modifications exquisitely regulate the p53 function [12]. 
One example is a phosphorylation of S392 located in the CT domain. The 
phosphorylation is catalyzed by several kinases such as PKR, cdk9, and 
CK2/hSpt16/SSRP1 complex [27-29]. The phosphorylation mimic mutant, 
S392E, strengthens the target binding and promotes the expression of the 
downstream gene [30]. 
The 1D and 3D searches of p53 have been studied extensively [32, 
34-37, 42, 60]. The CT domain and the core domain respectively 
contribute to the 1D sliding and hopping [35]. The sliding depends 
somewhat on the DNA sequence [60] and on the concentration of divalent 
cations [42], but not of monovalent cations [35]. To investigate the 3D 
search properties, the equilibrium and kinetic association processes of 
many p53 mutants to the short target DNAs with 20–100 bp were 
examined [30, 33, 42, 61-67]. In contrast, the target binding process using 
long DNAs containing the target site is expected to involve both 1D and 
3D searches, but that point has not been investigated except a few early 
studies [32, 68]. It remains to be elucidated experimentally how the 
mutations of p53 regulate the target search and target binding processes 
including TRP. 
In this chapter, I investigated the target binding of p53 in long 
DNA using single-molecule fluorescence imaging. The ratio of the 1D and 
3D search, TRP and the residence time of p53 at the target site were 
ascertained. Additionally, we examined the changes in these parameters 
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in mutants mimicking the activated (S392E) and inactive (R248Q) forms 
of p53 (Fig. 2-1). Results demonstrate that p53 possesses TRP of less than 
100% and the increase of TRP upon the activation, offering the first 
experimental evidence for the regulation of TRP in the activation 
mechanism of TFs. 
 
 
 
Fig. 2-1. Schematic diagram of the p53 mutants, pseudo-WT, activated 
and inactive mutants. (a) Domain organization of the p53 mutants. Thick 
and thin lines denote the structured and intrinsically-disordered regions, 
respectively. NT, core, Tet and CT represent the N-terminal, core, 
tetramerization and C-terminal domain, respectively. In addition, L 
represents the linker region. The mutations S392E at the CT domain and 
R248Q at the core domain were introduced to construct the activated and 
inactive mutants, respectively. (b) Quaternary structure of the p53 
mutants. The mutations S392E and R248Q were depicted as red 
rectangles and yellow circles, respectively. Colors of the domains are the 
same as those in panel (a). 
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2-2: Materials and methods 
 
Expression and purification of the p53 mutants 
The pseudo-WT, activated and inactive mutants of p53 were 
constructed and purified by following our method [42]. The plasmid for 
GST-tagged p53 was transformed into BL21(DE3)pLysS E. coli cells. The 
cells were then cultured at 37 °C until the absorbance at 600 nm reached 
~0.5. The expression of p53 was induced by IPTG at the final 
concentration of 100 M. Because the core domain chelates Zn2+ to 
maintain its structure, I also added ZnCl2 to the final concentration of 100 
M. The cells were cultured at 20 °C for 16 hours. After the culture, the 
cells were disrupted by sonication and the supernatant was collected. 
GST-tagged p53 was applied to the GST column (GSTrap FF; GE 
Healthcare, Tokyo, Japan) and the GST-tag was cleaved by PreScission 
protease (GE Healthcare). In addition, the residual impurities were 
removed by using heparin column (HiTrap Heparin HP; GE Healthcare). 
The purity of p53 mutants was examined by SDS-PAGE. 
 
SDS-PAGE with cross-linked p53 
First, p53 was cross-linked by adding 0, 0.1 or 1% of 
glutaraldehyde into the solution containing 1 M per monomer of p53 and 
by incubating the solution at room temperature for 3 min. The reaction 
was quenched by adding the solution to the SDS-PAGE buffer containing 
50 mM Tris, 64 mM SDS, 6.4% glycerol, 1.3% bromophenol blue, and 7% 
2-mercaptoethanol adjusted at pH 6.8. The samples were loaded onto the 
7.5% polyacrylamide gel and electrophoresed at room temperature for ~2 
hours. Finally, the gel was stained with CBB. 
  
Blue native PAGE 
First, p53 was mixed with NativePAGE sample buffer (4X) and 
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NativePAGE 5% G-250 sample additive, and was diluted with distilled 
water up to 10 L. The final concentration of the p53 mutants was 1, 2 or 
4 M per monomer. The samples were loaded onto NativePAGE Novex 
4-16% Bis-Tris gel and electrophoresed at 150 V for ~2 hours. Finally, the 
gel was stained with CBB. 
 
Fluorescence anisotropy measurements: equilibrium titration 
The binding of the p53 mutants to DNA was examined 
quantitatively by following our method [42]. In brief, a fluorometer 
(FP-6500; Jasco Corp., Tokyo, Japan) coupled with automatic titrator 
(ATS-443; Jasco Corp.) and home-built autorotating polarizer unit was 
used for the equilibrium fluorescence-anisotropy measurements. 5 nM of 
6-FAM-labeled DNA was prepared in a cuvette with a buffer containing 
20 mM HEPES at pH 7.9, 50 mM KCl, 2 mM MgCl2, 0.5 mM EDTA, 0.2 
mg / mL BSA, and 1 mM DTT. The p53 solution was titrated into the DNA 
solution at 25 °C. The sequence of the target DNA was 
5’-(6-FAM)-ATCAGGAACATGTCCCAACATGTTGAGCTC-3’ and its 
complementary strand. The sequence of the non-target DNA was 
5’-(6-FAM)-AATATGGTTTGAATAAAGAGTAAAGATTTG-3’ and its 
complementary strand. The oligo DNAs were purchased from 
Sigma-Aldrich Japan and used without further purification. 
The obtained fluorescence anisotropy values (robs) were fitted with 
the following equations: 
 
𝑟obs = 𝑟D
𝐶D−𝐶pD
𝐶D
+ 𝑟pD
𝐶pD
𝐶D
 (2-1) 
                        
𝐶pD =
(𝐶D+𝐶p+𝐾d)−√(𝐶D+𝐶p+𝐾d)
2−4𝐶D𝐶p
2
 (2-2) 
 
where rD, rpD, Kd, Cp, CD, and CpD respectively denote the anisotropy of 
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free DNA, the anisotropy of p53–DNA complex, the apparent dissociation 
constant, the concentration of the p53 tetramer, the total concentration of 
DNA (5 nM), and the concentration of p53–DNA complex. 
 
Fluorescence anisotropy measurements: kinetic measurement 
The association rate constants to DNA and the residence times on 
DNA of the p53 mutants were examined by using the stopped-flow 
apparatus (Unisoku, Osaka, Japan). Polarized light of 473-nm laser 
(Laser Quantum, Cheshire, UK) was irradiated to the observation cell, 
and the fluorescence from the sample was detected with a photosensor 
(H10722; Hamamatsu Photonics, Hamamatsu, Japan) after passing 
through a polarizer (Edmund Optics, Japan) and a band-pass filter 
(FF01-520/35; Sermock, New York, USA). 
For the kinetic association experiments, 40-120 nM per tetramer 
of p53 was mixed with 10 nM of 6-FAM-labeled DNA at 25 °C. Both 
samples were in the buffer containing 20 mM HEPES at pH 7.9, 50 mM 
KCl, 2 mM MgCl2, 0.5 mM EDTA, 0.2 mg / mL BSA, 1 mM DTT, and 2 mM 
Trolox. The mixing ratio of p53 and DNA was 1:1 and the mixing dead 
time was about 1 ms. I obtained the time course of two types of 
fluorescence intensity, IVV(t) and IVH(t), which represent the intensity of 
fluorescence excited by the vertically-polarized light and detected as the 
vertically-polarized light and that excited by the vertically-polarized light 
and detected as the horizontally-polarized light, respectively. Three or 
four traces for IVV(t) and IVH(t) were obtained independently and 
cumulated. The time course of the anisotropy value, r(t), was calculated 
by the following equation: 
 
𝑟(𝑡) =
𝐼VV(𝑡)−𝐺𝐼VH(𝑡)
𝐼VV(𝑡)+2𝐺𝐼VH(𝑡)
 (2-3) 
 
where G denotes the G factor and was estimated to be 1 in our previous 
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work [42]. The G value was obtained from IHV divided by IHH. IHV and IHH 
represent the intensity of fluorescence excited by the 
horizontally-polarized light and detected as the vertically-polarized light 
and that excited by the horizontally-polarized light and detected as the 
horizontally-polarized light, respectively. r(t) was fitted with a 
single-exponential function to estimate the observed rate constants (kobs). 
The kobs values were plotted against the p53 concentration after the 
mixing to estimate the apparent association rate constant (kon) as the 
slope of the plot fitted with a linear function. 
For the kinetic dissociation experiments, 60 nM per tetramer of 
p53 was pre-complexed with 40 nM of 6-FAM-labeled DNA. The complex 
was mixed with the solution containing 400 nM of the target DNA without 
fluorescent dye as a competitor at 25 °C. The buffer was the same as used 
in the association experiments. I obtained IVV(t) and IVH(t), and calculated 
r(t) by using the equation (2-3). r(t) was fitted with a single-exponential 
function to estimate the residence time (). 
 
Labeling of p53 with a fluorescent dye 
The p53 mutants were labeled with ATTO532 (ATTO-TEC, Siegen, 
Germany) using maleimide chemistry through K292C residue. The free 
dyes after the labeling were removed by a cation exchange column 
(HiTrap SP HP; GE Healthcare). The labeling efficiencies of the 
pseudo-WT, activated, and inactive mutant were 0.4, 1.69, and 1.74 dye 
per monomer, respectively. 
 
Construction of a flow cell 
I constructed a flow cell by following our method [42]. Two holes 
were made in a slide glass (Matsunami Glass Ind. Ltd., Osaka, Japan) 
with a drill, on which two connectors (Upchurch Scientific Inc., Oak 
Harbor, WA, USA) were glued. A coverslip (Matsunami Glass Ind. Ltd.) 
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was covered with 5, 25, or 50 mg / mL of PEG-biotin (Nanocs Inc., MA, 
USA) and 50 mg / mL of PEG (Nanocs Inc.) to prevent the adsorption of 
p53 and DNA. The slide glass and the coated coverslip were attached by 
double-sided tapes with a rectangular hole used for the flow path. Two 
PTFE tubes (GL Science Inc., Tokyo, Japan), whose inner diameter was 
0.5 mm, were attached to the connector. One tube was further connected 
to a syringe pump (-ton mini; Senshu Scientific Co. Ltd., Tokyo, Japan), 
and the other to a waste bottle. 
 
Fluorescence microscopy 
For the single-molecule observations, I used the same home-made 
optical set up used in our previous report [42]. 532-nm laser 
(CL532-050-L; CrystaLaser, NV, USA), whose power at the sample point 
was adjusted at 0.2 mW, was used for the excitation light source. Laser 
beam was expanded 10 times and was collimated on the back focal plane 
of an objective lens with N. A. = 1.4 (Plan Apo VC 100×; Nikon, Tokyo, 
Japan) using a spherical lens (f = 500 mm). A dichroic mirror 
(Di01-R405/488/532/635-25×36; Semrock Inc., NY, USA) was placed 
between the objective lens and the spherical lens. The flow cell was set in 
front of the objective lens. The fluorescence from the sample was detected 
by TDI-EM CCD camera (Hamamatsu Photonics). The spatial filter unit 
(Optonica, Kyoto, Japan) was set between the dichroic mirror and the 
camera, and consisted of a slit and two lenses (f = 200 and 70 mm). A 
spherical lens (f = 70 mm) was set to focus the fluorescence on the camera. 
The final magnification of the optics was 100 times. 
 
Construction of DNA with p53 target for single-molecule experiments 
A 5493 bp of plasmid, pET-22b (+) (Novagen, WI, USA) was first 
digested with XbaI (New England Biolabs, MA, USA), and was linearized. 
The target sequence from p21 5’ promoter was ligated by the ligation of 
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oligo DNA with T4 DNA ligase (New England Biolabs). The sequence of 
the oligo DNA was 
5’-CTAGATCAGGAACATGTCCCAACATGTTGAGCTC-3’ and 
5’-CTAGGAGCTCAACATGTTGGGACATHTTCCTGT-3’ (Sigma-Aldrich 
Japan). The ligated plasmid DNA was cut with SapI (New England 
Biolabs) whose restriction site was opposite to that of XbaI. The resultant 
DNA possessed the target sequence for p53 in the center. Both ends of the 
plasmid were labeled with Biotin-11-dGTP (PerkinElmer, MA, USA) by 
using Klenow exo- (New England Biolabs). 
 
DNA tethered in the flow cell and single-molecule measurements of p53 
0.2 mg / mL of neutravidin (Thermo Fisher Scientific, MA, USA) 
was introduced into the flow cell and incubated over 30 min to attach 
them on the coverslip. I next introduced the buffer containing 20 mM 
HEPES at pH 7.9, 100 mM KCl, 2 mM MgCl2, 0.5 mM EDTA, 0.2 mg / mL 
BSA, 1 mM DTT, 2 mM Trolox, and 0.5% polyvinylpyrrolidone K 15 (PVP) 
and incubated for 30 min. To tether the DNA on the coverslip after the 
incubation, 10 pM solution of the biotinylated DNA was introduced into 
the flow cell at the flow rate of 500 L / min for 5 min. 4-10 nM per 
monomer of p53 labeled with ATTO532 was introduced and the dynamics 
of p53 along DNA was observed under the flow of 500 L / min. 
Fluorescence images were taken at 33 ms of the time resolution.  
 
Analytical method of single-molecule data 
To analyze whether p53 binds to the target sequence or not, the 
position of DNA and the target as well as the position of the sliding p53 
had to be identified in the observed images. For this purpose, I analyzed 
the experimental data as follows. First, 1000 sequential images were 
averaged. If p53 molecules slide along DNA, the averaged image of the 
molecules will be visualized as oval shapes and should correspond to the 
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DNA. In contrast, if p53 is adsorbed on the coverslip, the averaged image 
should become circular shapes. Accordingly, I identified all the DNA 
molecules in the averaged image. The length of DNA was 0.8~1.5 m, 
which corresponds to 43~80% extension of DNA. Second, for all the DNA 
molecules identified in the image, I defined the central two pixels (160 
nm) of the DNA as the position of the target sequence. It should be noted 
here that the true length of the target sequence was 20 bp (6.8 nm) and 
was much shorter than the defined length. Third, for each of the observed 
images taken at the 33 ms interval, the center of the fluorescent 
molecules was tracked based on 2D Gaussian fitting of the fluorescence 
intensity by using ImageJ and its plugins, Particle Track and Analysis. I 
obtained the time series of X and Y coordinates of p53. Finally, I 
calculated the residence time of p53 on the target sequence from the 
trajectories by using Excel Macro (Microsoft). Distributions of the 
residence time were fitted with single- or double-exponential functions. 
 
Estimation of the diffusion coefficient of the p53 mutants 
To estimate the diffusion coefficient of the p53 mutants, the 1D 
sliding of p53 along DNA was observed with the abovementioned optical 
setup. I used DNA, which did not possess the target sequence of p53 and 
used the DNA garden method developed by our group to tether them [69]. 
Briefly, neutravidin was adsorbed on the coverslip coated by MPC 
polymer by using the polydimethylsiloxane (PDMS) stamp. The coverslip 
was attached to the slide glass with two connectors by double-sided tape 
to construct the flow cell. One end of DNA was biotinylated, applied into 
the flow cell, and tethered to neutravidin. The flow cell was subsequently 
filled with the buffer containing 20 mM HEPES at pH 7.9, 50 mM KCl, 2 
mM MgCl2, 0.5 mM EDTA, 0.2 mg / mL BSA, 1 mM DTT, and 2 mM 
Trolox. ATTO532-p53 diluted in the buffer was introduced into the flow 
cell and the 1D sliding of p53 was observed under the flow of 500 L / min. 
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The center of the fluorescent molecules was tracked based on 2D 
Gaussian fitting by using ImageJ and its plugin as stated above. To 
calculate mean square displacement (MSD) without artifacts, I selected 
trajectories (i) possessing more than 15 data points, (ii) having all the 
values of the local MSDs larger than 0.0015 m2, and (iii) having all the 
displacements along the longitudinal axis in one time interval shorter 
than 300 nm. By using the trajectories satisfying all the criteria above, I 
obtained the time courses of the averaged MSD and fitted the time 
courses with a linear function whose slope corresponds to twice of the 
diffusion coefficient. 
 
2-3: Results 
 
Preparation of the p53 mutants 
We previously constructed the thermostabilized mutant of p53, 
which was used as the pseudo-WT in this study [42]. By adding further 
mutations to the pseudo-WT, I constructed the activated (S392E) and 
inactive (R248Q) mutants. All the three mutants were expressed in E. coli 
cells and purified with GST and heparin columns as described previously 
[42].  
 
Confirmation of the tetramer formation of p53 by electrophoresis 
In cells, p53 has to form a homotetramer to bind to the target 
sequence tightly. To confirm that the p53 mutants indeed formed the 
tetramer, I performed two types of electrophoresis experiments. One is 
the SDS-PAGE experiment after the cross-linking procedure by using 
glutaraldehyde. If a p53 tetramer is cross-linked, it would not dissociate 
to dimers or monomers, and a band corresponding to the tetramer (~200 
kDa) would appear. Figure 2-2a shows the result of the SDS-PAGE. In the 
absence of glutaraldehyde, a single band at ~ 50 kDa was detected for all 
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the three p53 mutants, whose molecular weight corresponds to the 
monomer. By contrast, in the presence of 0.1 and 1% of glutaraldehyde, a 
new band appeared at slightly over 198 kDa for all the three p53 mutants, 
whose molecular weight corresponds to the tetramer. The additional 
bands having the higher molecular weights might be assigned to the 
higher order oligomers likely produced by the over cross-linking. 
Accordingly, the data suggested that the p53 mutants formed the 
tetramer in solution. 
To further confirm the tetramer formation, I next conducted blue 
native PAGE. I used 1, 2, or 4 M per monomer of the p53 mutants. At all 
the concentrations of p53 and for all the mutants of p53, single bands 
were detected at approximately 600 kDa (Fig. 2-2b). The molecular 
weight of the bands was significantly higher than that expected for the 
tetramer (212 kDa). However, the apparently greater molecular weight 
was reported for p53 by using the gel filtration chromatography likely 
because of the ellipsoid shape of the p53 tetramer caused by the 
intrinsically-disordered regions [70]. Thus, I concluded that the p53 
mutants formed the tetramer in solution. 
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Fig. 2-2. Electrophoresis experiments conducted to check the 
oligomerization state of the p53 mutants. (a) SDS-PAGE results for the 
p53 mutants cross-linked with 0, 0.1 or 1% of glutaraldehyde. The 
concentration of p53 was 1 M per monomer. (b) Blue native PAGE 
results for the p53 mutants whose concentrations were 1, 2, or 4 M per 
monomer. In both images, M represents molecular weight markers. Data 
in the area covered by the broken line in the panel (b) were reported in 
our previous paper [42]. 
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Equilibrium binding of p53 to DNA 
To estimate the affinity of p53 to DNA quantitatively, I performed 
the equilibrium titration measurements, where 30 bp of the target or 
non-target DNA labeled with 6-FAM was titrated with the p53 mutant. 
The fluorescence anisotropy of the labeled DNA was measured by using a 
fluorometer equipped with an automatic titrator and a home-built 
autorotating polarizer unit. The anisotropy values increased as p53 is 
added into the DNA solution, which indicates the binding of p53 to DNA 
(Fig. 2-3). The anisotropy data were fitted with Eqs. (2-1) and (2-2) 
obtained under the assumption of 1:1 binding of p53 and DNA, and the 
apparent dissociation constants (Kd) were estimated. Kd-target and 
Kd-non-target denote Kd for the target and non-target DNA, respectively. The 
Kd-target values for the pseudo-WT, activated, and inactive mutant were 
1.6 ± 0.2, 0.8 ± 0.1, and 6.2 ± 0.3 nM per tetramer, respectively. The 
Kd-target value for the activated mutant was two-times smaller than that of 
the pseudo-WT, which is consistent with results reported by other group 
[30]. Although the experimental conditions such as salt concentration and 
mutants vary, the absolute Kd-target values are close to the corresponding 
values in other studies [63, 66]. The Kd-non-target values for the pseudo-WT, 
activated, and inactive mutant were 5.3 ± 0.4, 6.1 ± 0.4, and 9.7 ± 0.6 nM 
per tetramer, respectively. These values were similar to the Kd-target value 
of the inactive mutant, demonstrating that the inactive mutant is 
incapable of the target recognition. By contrast, the pseudo-WT and 
activated mutants maintain their specificity to the target sequence. The 
obtained Kd values were listed in Table 2-1. These results indicate that 
the mutations of p53 influence its affinity to the target DNA. 
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Fig. 2-3. Equilibrium binding of the p53 mutants to the target or 
non-target DNAs. The fluorescence anisotropies were obtained by the 
titration of the p53 mutants against the target (a) and non-target (b) 
DNAs labeled with 6-FAM. Black circles, red triangles, and blue squares 
denote the data of the pseudo-WT, activated and inactive mutants, 
respectively. Black, red, and blue curves are the best-fitted curves 
obtained by using Eqs. (2-1) and (2-2). 
 
 
Kinetic association measurements of p53 to DNA 
To investigate the association kinetics of p53 to DNA, I performed 
stopped-flow measurements. First, 10 nM of the target and non-target 
DNAs labeled with 6-FAM was mixed with 80 nM per tetramer of the p53 
mutant. The anisotropy value increased after the mixing of the two 
solutions, which indicates the binding of p53 to DNA (Figs. 2-4a and b). 
The anisotropy curves were fitted with a single-exponential function and 
the apparent rate constant (kobs) was obtained. To estimate the 
association rate constant of p53 to DNA (kon), I mixed 6-FAM-labeled 
target or non-target DNA with various concentrations of the p53 mutants, 
and plotted the kobs values against the p53 concentration (Figs. 2-4c-e). 
27 
 
The plots were fitted with a linear function, whose slope corresponds to 
kon. The kon values of the pseudo-WT, activated and inactive mutants for 
the target DNA were 1.4 ± 0.1, 2.3 ± 0.2 and 2.2 ± 0.1×109 M-1s-1, 
respectively. The kon values of the pseudo-WT, activated and inactive 
mutants for the non-target DNA were 1.62 ± 0.04, 2.2 ± 0.1 and 1.9 ± 
0.1×109 M-1s-1, respectively. The obtained kon vales were similar among all 
the p53 mutants and for the target and non-target DNAs (Table 2-1). 
 
Kinetic dissociation measurements of p53 from DNA 
To estimate the residence time of p53 on DNA, I used again the 
stopped-flow apparatus. The dissociation of p53 from 6-FAM labeled DNA 
was traced by the decay of the fluorescence anisotropy. The decay curves 
were fitted with a single-exponential function to estimate the residence 
times () of p53 on DNA (Fig. 2-5). The  values of the pseudo-WT, 
activated and inactive mutants for the target DNA (target) were 41 ± 8, 40 
± 6, and 10.9 ± 0.5 ms, respectively. The  values of the pseudo-WT, 
activated and inactive mutants for the non-target DNA (non-target) were 
11.0 ± 1.0, 11.2 ± 0.4, and 14.0 ± 0.3 ms, respectively. The obtained  
values were listed in Table 2-1. The target values of the pseudo-WT and 
activated mutants were four times larger than that of the inactive mutant, 
but were similar to each other, meaning that the S392E mutation does 
not affect the dissociation of p53 from the target DNA. Since the non-target 
values were similar among all the mutants and since the inactive mutant 
possesses the similar target and non-target values, I concluded that the 
inactive mutant has no target recognition ability. These results 
demonstrate that the inactivating mutation affects the residence time for 
the target DNA, but not for the non-target DNA. 
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Fig. 2-4. Kinetics of the p53 binding to DNA. Time-course data of the 
fluorescence anisotropies were obtained by the stopped-flow 
measurements. The time-dependent changes of the anisotropy for the 
association of the pseudo-WT (black), activated (red), and inactive (blue) 
mutants of p53, whose concentration was 40 nM per tetramer after the 
mixing to the target (a) and non-target (b) DNA labeled with 6-FAM at 5 
nM. Solid curves are the fitting curves with a single-exponential function. 
The apparent association rate constants, kobs, obtained for the pseudo-WT 
(c), activated (d) and inactive (e) mutants to the target (black) and 
non-target (blue) DNA were plotted against the concentration of the p53 
mutants per tetramer. Solid lines are the best-fitted lines with a linear 
function. The errors are the fitting errors.  
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Fig. 2-5. Kinetics of the p53 dissociation from DNA. Time-course change 
of the fluorescence anisotropy values for the dissociation of the 
pseudo-WT (black), activated (red) and inactive (blue) mutants from the 
target (a) and non-target (b) DNA labeled with 6-FAM. Solid curves are 
the best-fitted curves with a single-exponential function.  
 
 
Single-molecule observation of the target binding of p53 
To investigate the mechanism how p53 binds to the target 
sequence, I observed the dynamics of the p53 mutants on the target DNA 
by total internal reflection fluorescence (TIRF) microscopy (Fig. 2-6a). 
First, I constructed ~5500 bp-long DNA, which possessed the target 
sequence in the center, and labeled both ends of the DNA with biotin. 
Second, I constructed a flow cell that consists of a slide glass, a 
double-sided tape and a coverslip coated with PEG, 9, 33, or 50% of which 
possessed biotin at the surface-exposed end. The neutravidin was 
subsequently introduced to the cell and attached to the surface of the 
coverslip, followed by the tethering of the biotinylated DNAs through the 
avidin-biotin bonding. The biotinylation was either one end or both ends 
of the DNA. Third, 4-10 nM per monomer of the ATTO532-labeled mutant 
of p53 was introduced. The fluorescence images of the p53 mutants 
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obtained upon the excitation of ATTO532 by 532-nm laser were detected 
by TDI-EM CCD camera. 
 
Table 2-1. The equilibrium and kinetic binding properties of the p53 
mutants to the target and non-target DNAs examined by the ensemble 
experiments. 
p53 Pseudo-WT Activated Inactive 
Kd-target (nM)a 1.6 ± 0.2 0.8 ± 0.1 6.2 ± 0.3 
Kd-non-target (nM)a 5.3 ± 0.4 6.1 ± 0.4 9.7 ± 0.6 
kon-target (×109 M-1 s-1)b 1.4 ± 0.1 2.3 ± 0.2 2.2 ± 0.1 
kon-non-target (×109 M-1 s-1)b 1.62 ± 0.04 2.2 ± 0.1 1.9 ± 0.1 
target (ms)c 41 ± 8 40 ± 6 10.9 ± 0.5 
non-target (ms)c 11.0 ± 1.0 11.2 ± 0.4 14.0 ± 0.3 
aThe equilibrium dissociation constants determined by the titration 
measurements shown in Fig. 2-3. Errors are fitting errors. bThe bimolecular 
association rate constants determined by the kinetic association 
measurements shown in Fig. 2-4. Errors are fitting errors. cThe residence 
time of the p53 mutants on the target and non-target DNAs determined by 
the kinetic dissociation measurements shown in Fig. 2-5. Errors are 
standard errors (n = 3 or 4).  
 
 
I obtained movies consisting of 1000 frames of fluorescence images. 
During the observation, I kept a buffer flow at the rate of 500 L / min to 
stretch the single-tethered DNAs. Figure 2-6b shows the representative 
image. Magenta or white spots are single p53 molecules, and green 
shapes are the averaged image obtained by summating 1000 frames to 
visualize DNAs. Figure 2-6c shows the representative kymographs of the 
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pseudo-WT. The trajectories of p53 are represented by magenta or white. 
The locations of DNA are represented by green. In the upper image of Fig. 
2-6c, p53 slid along DNA and stopped at the center (dashed line), which 
suggests the target binding. After a short period, p53 dissociated from the 
target by the 1D sliding along DNA or by the dissociation into the solution. 
In addition, the direct binding to the target from the bulk solution 
without the 1D sliding was sometimes observed. In contrast, the lower 
image of Fig. 2-6c represents an example of the trajectories in which p53 
passed over the target sequence. The binding and pass-through events 
were also observed for the activated mutant (Fig. 2-6d). By contrast, only 
the pass-through events were observed for the inactive mutant (Fig. 2-6e), 
which suggests the loss of the specificity for the target binding. 
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Fig. 2-6. Single-molecule observation of the dynamics of p53 labeled with 
ATTO532 along DNA. (a) Schematic diagram of the surface of the 
observation area. The coverslip was coated with PEG and PEG-biotin 
(black circle). The biotinylated DNA (black curve) was attached to the 
coverslip through the binding to neutravidin (yellow rectangle) by one end 
or both ends. The DNA has its target site (red line) at the center. The 
movement of p53 (orange ellipse) labeled with ATTO532 (pink triangle) 
was observed by TIRF microscopy. (b) A representative image of the 
observation. Magenta or white spots denote the pseudo-WT p53. Green 
shapes are the averaged image of the sequential 1000 images and 
correspond to the tethered DNAs. Scale bar is 1 m. Representative 
trajectories of the pseudo-WT (c), activated (d) and inactive mutant (e) 
sliding along DNA. Magenta or white traces represent the movement of 
p53 along DNA containing the target site in its center (dashed line). Black 
and white arrows denote the binding and pass-through events against the 
target, respectively.  
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Estimation of the target recognition probability 
To evaluate the target binding of p53 quantitatively, I first 
determined the position of the target in DNA considering the spatial 
resolution and the DNA fluctuation. The spatial resolution of our setup 
was estimated to be 20 nm in our previous work [42]. To estimate the 
positional fluctuation of the target, , I tracked the center of 12 
single-tethered DNAs stained by an intercalator, SYTOX orange. The 
averaged MSD of the center of DNA in the longitudinal and transverse 
axes relative to the flow direction were calculated. By using the equation, 
MSD = 22, the  values along the longitudinal and transverse axes were 
estimated to be 28.8 ± 0.7 and 30.0 ± 0.4 nm, respectively. Although the 
real length of the target was 20 bp (6.8 nm), I defined the target as two 
pixels (160 nm) at the center of DNA by considering the spatial resolution, 
DNA fluctuation, and the pixel size. The position of the two ends of DNA 
was clarified by the summation of 1000 images. 
Second, I tracked the position of p53 molecules by 2D Gaussian 
fitting and calculated the residence time of p53 on the target site from 
each trajectory. I detected 952 events in which the pseudo-WT was 
observed on the target site, and determined the residence time for each 
event during which the pseudo-WT stayed on the target site. I next made 
a histogram of the relative frequency of the events having different 
residence time as shown in Fig. 2-7a. The histogram was fitted with a 
double-exponential function and gave two time constants, 27 ± 1 ms (93 ± 
2%) and 120 ± 20 ms (7 ± 2%). The first and second time constants were 
assigned to the pass-through and binding events, respectively. I define 
that the fraction of the slow phase as TRP, which can be estimated to be 7 
± 2% for the pseudo-WT. 
To examine the influence of the mutations on TRP, I conducted the 
same analysis for the data obtained using the activated and inactive 
mutants. The residence-time histogram of the inactive mutant (305 
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events) was well fitted with a single-exponential function with the time 
constant of 31 ± 2 ms (Fig. 2-7b), which was close to that of the fast phase 
of the pseudo-WT (27 ± 1 ms). The fact that the inactive mutant did not 
possess the slow phase agrees with the loss of the target binding. In 
contrast, the histogram of the activated mutant (3551 events) was well 
fitted with a double-exponential function with the time constants of 21 ± 1 
ms (82 ± 2%) and 93 ± 4 ms (18 ± 2%) (Fig. 2-7c). The TRP of the activated 
mutant was 18 ± 2% and was 2.5 times larger than that of the pseudo-WT. 
As a control, I observed the dynamics of the activated mutant on 
~5500 bp of DNA without the p53 target. The residence time of the 
activated mutant on the “center” of the DNA was analyzed to make the 
residence time histogram (Fig. 2-7d). The plot can be fitted with the 
single-exponential function well with the time constant of 35 ± 3 ms, 
which was close to that of the fast phase of the pseudo-WT (27 ± 1 ms). 
The absence of the slow phase in this control experiment is another 
evidence for the assignment that the slow phase corresponds to the target 
binding.  
 
35 
 
 
Fig. 2-7. Residence-time distribution of p53 on the target site or the 
center of the non-target DNA. The relative frequencies of the pseudo-WT 
(a), inactive (b) and activated (c) mutants residing at the target site for 
the duration indicated as the residence time were plotted. As a control, 
the histogram of the residence time of the activated mutant on the center 
of the non-target DNA was also shown (d). Curves are the fitting curve 
with a single- (b and d) or double-exponential function (a and c). The 
errors were calculated by the bootstrap method with 1000 times 
resampling [71].  
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Table 2-2. Residence times of the p53 mutants on the center of DNA 
obtained from the single-molecule experimentsa,b. 
Phase Pseudo-WT Inactive Activatedtarget Activatednon-target 
Fast (ms) 
27 ± 1 
(93 ± 2) 
33 ± 1 
21 ± 1 
(82 ± 2) 
33 ± 2 
Slow (ms) 
120 ± 20 
(7 ± 2) 
 
93 ± 4 
(18 ± 2) 
 
aNumbers in parentheses are percentages of fast and slow phases. bErrors 
were calculated using the bootstrap method with 1,000-time resampling 
[71].  
 
 
Association and dissociation mechanism of p53 on the target DNA 
The increase and decrease of TRP for the activated and inactive 
mutants respectively suggest that the ratio of the 1D sliding and 3D 
binding might be different for the mutants. To examine this possibility, I 
analyzed the trajectories and classified them into four cases. The first 
case is that p53 binds to and dissociates from the target by 1D sliding (S) 
and was denoted as “S-S”. The second is that p53 binds to and dissociates 
from the target by 3D diffusion (D) and denoted as “D-D”. Similarly, the 
cases “S-D” and “D-S” are defined. To rule out the pass-through events, I 
selected only the target binding events by determining the time threshold, 
over which the ratio of the slow phase becomes more than 95%. The 
number of each event was summarized in Table 2-3. The percentage of the 
sum of S-S and S-D in the pseudo-WT and activated mutant were 63 ± 9 
and 87 ± 2 %, respectively, meaning that both the pseudo-WT and 
activated mutant bind to the target mainly by the 1D sliding and that the 
activated mutant has a higher propensity to bind to the target by the 1D 
sliding than the pseudo-WT. It should be noted that since the defined 
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target length (160 nm) is much longer than the actual length (6.8 nm), the 
1D sliding which started within the defined target might be categorized 
as the 3D binding, that is, the percentages of the 1D sliding are minimal 
estimates. These results provide the importance of the 1D sliding on the 
target recognition. 
 
 
Table 2-3. Number of target binding and dissociation events of the p53 
mutants via 1D sliding (S) or 3D direct binding/dissociation (D)a,b. 
p53 D–D D–S S–D S–S 
Pseudo-WT 9 ± 3 (20 ± 6) 8 ± 3 (17 ± 6) 6 ± 2 (13 ± 5) 23 ± 3 (50 ± 7) 
Activated 22 ± 5 (5 ± 1) 40 ± 6 (9 ± 1) 40 ± 6 (9 ± 1) 361 ± 9 (78 ± 2) 
aNumbers in parentheses are percentages. bErrors were calculated using 
the bootstrap method with 1,000-time resampling [71]. 
 
 
Estimation of the diffusion coefficient of the p53 mutants 
To estimate the diffusion coefficients of the p53 mutants, which 
are necessary to discuss the determinant of TRP, I observed the 1D 
sliding of p53 along DNA without any target sequence of p53. I detected 
537, 193 and 381 trajectories for the pseudo-WT, activated and inactive 
mutants, respectively, and calculated MSD. The averaged MSD was 
plotted against the time and fitted with a linear function (Fig. 2-8). The 
diffusion coefficients (D) estimated from the slope of the fitting for the 
pseudo-WT, activated and inactive mutants were 0.123 ± 0.002, 0.127 
± 0.002 and 0.225 ± 0.003 m2 s-1, respectively. The larger D value of 
the inactive mutant was consistent with the result in a simulation work 
in which the positive charge of Arg248 was neutralized [36]. 
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Fig. 2-8. Time courses of the averaged MSD of the pseudo-WT (black), 
activated (red) and inactive (blue) mutants for the 1D sliding along DNA. 
The solid lines are the fitting results with a linear function. The errors 
denote the standard errors. 
 
 
2-4: Discussion 
 
Target recognition probability of DBPs 
In some reports, TRP of DBPs were assumed to be 100% [57, 58]; 
however, there have been only two reports that estimated TRP 
experimentally. One example is LacI, whose TRP per trial was less than 
10% [6]. However, the authors considered the multiple sliding of LacI over 
the target, and estimated that the total TRP to be 53 ± 24%. The other 
example is a mismatch repair protein, MutS, whose TRP was 97% in the 
absence of ATP [72]. In contrast, MutS passed over the target in the 
presence of ATP. These results suggest that it is general for DBPs to pass 
over the target at a certain ratio. In addition, the modulation of TRP 
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observed for p53 and MutS might be a common mechanism for proteins 
that search for the target. 
 
TRP is explained by the two-state model 
The current results can be explained by assuming two states for 
p53, the search state and recognition state, as proposed to solve the 
speed-stability paradox in the target search of DBPs (Fig. 2-9) [9, 73, 74]. 
In the search state, p53 slides along DNA. When p53 reaches the target 
sequence, p53 changes its conformation from the search state to the 
recognition state. The partial TRP implies that p53 cannot always change 
its conformation during the time interval, t, which is the time for p53 to 
pass over the target. The t value can be calculated from the equation, 
<x>2 = 2Dt, where x is the length of the target (20 bp = 6.8 nm) and D is 
the diffusion coefficient of the 1D sliding of p53 along DNA. The t values 
of the pseudo-WT and activated mutant p53 were 190 and 180 s, 
respectively. If the TRP is determined by the equilibrium constant 
between the two states, the equilibrium has to be achieved within those 
short times, which might not be reasonable. In contrast, if the TRP is 
controlled by the kinetic rate constant, I can obtain, TRP = 1-exp(-kt), 
where k is the rate constant for the transition from the search to 
recognition state. The calculated k values of the pseudo-WT and activated 
mutant were about 390 and 1100 s-1, respectively. These data indicate 
that the activating mutation of p53 made the activation energy of the 
transition from the search state to the transition state lower. Hence, I 
propose that TRP is controlled by the kinetic mechanism of the transition 
between the two states. 
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Fig. 2-9. Schematic representation of the energy landscape of p53 sliding 
along DNA. (a) p53 on DNA is in either of the two states, the search and 
recognition states. On the non-target DNA, the recognition state is less 
stable and p53 mainly stays in the search state and slides along DNA. On 
the target DNA, the recognition state is more stable causing the specific 
binding of p53 to the target. (b) For p53 to recognize the target DNA, the 
transition to the recognition state has to occur while p53 is on the target 
(t = ~200 s). The transition rates, k, of the pseudo-WT and the 
activated mutant were estimated using the equation, TRP = 1-exp(-kt). 
The larger k value of the activated mutant than that of the pseudo-WT 
suggests that the activation energy (G*) of the activated mutant is lower 
than that of the pseudo-WT p53. 
 
 
Mechanism of the alteration of TRP 
Next, I discuss the plausible mechanisms of the alteration of TRP. 
In the case of the inactive mutant, Arg248 was mutated to Gln. Although 
this residue does not interact with DNA, it is indispensable to the 
formation of the solvent network between the core domain and DNA, 
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which is required for the target recognition [22]. Accordingly, it is 
reasonable to conclude that the R248Q mutation reduced the interaction 
of p53 and the target sequence, resulting in the reduced TRP. 
In the case of the activated mutant, the mutation of the CT 
domain, S392E, enhanced TRP. This might be caused by the interaction 
between the core domain and the CT domain suggested previously [30, 75]. 
One report indicated that the interaction between the core and CT 
domain is increased by the phosphorylation of S392 [30]. This interaction 
might attract the core domain to the target sequence, resulting in the 
higher probability of the target recognition. To elucidate the detailed 
mechanism of the alteration of TRP, further experiments to capture the 
structure of p53 bound to DNA non-specifically will be required. 
 
Dynamics of p53 in vitro and in vivo 
Recently, the dynamics of p53 in vivo was observed by 
single-molecule fluorescence microscopy. Mazza et al. found out that 20% 
of p53 is bound to chromatin in the nucleus [39]. Morisaki et al. succeeded 
in selecting the transcriptionally active p53 by using a GFP-tagged 
polymerase and estimated the residence time of p53 bound to the target 
specifically to be 3.5 s [40]. Furthermore, the authors found that the 
fraction of the p53 molecules bound to the target was only 5.5%. The 
residence time of p53 on the target in vivo (3.5 s) was over 10-times longer 
than that obtained by the single-molecule experiments in this study (120 
ms for the pseudo-WT and 93 ms for the activated mutant). It might be 
possible that the molecular crowding makes the binding of DBP more 
favorable as mentioned in some reports [76]. Moreover, Loffreda et al. 
recently revealed that the acetylation of K382 of p53 increased the 
residence time on the target by the single-molecule fluorescence 
microscopy in cells [41]. This result supports that the residence time of 
p53 can be increased by the posttranslational modifications such as 
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phosphorylation, acetylation and methylation. It is also possible that the 
binding of other biomolecules to p53 such as nucleic acids or proteins may 
affect the residence time [77-79].  
 
Residence time of p53 on DNA 
I estimated the residence times of p53 on the target sequence by 
the specific binding and on the other sequence by the non-specific binding 
as ~40 and ~10 ms, respectively, by the stopped-flow measurements. In 
contrast, the residence times by the specific and non-specific binding of 
p53 to DNA were estimated to be ~100 and ~30 ms, respectively, by the 
single-molecule observations. This discrepancy can be explained by two 
reasons. The first reason might be the difference of the length of DNA. I 
used 30 and ~5500 bp of DNA in ensemble and single-molecule 
experiments, respectively. Because p53 slides along DNA one 
dimensionally, the use of shorter DNA in the ensemble measurements 
may cause the increased slide-off rate from the two ends of DNA as 
reported by McKinney et al. [33]. This slide-off might reduce the 
residence time of p53 on DNA. The second reason might be the use of the 
excess amount of competitor DNA in the stopped-flow experiments. In 
that case, p53 might dissociate from DNA not only by the 3D-diffuson but 
also by the IST, resulting in the shorter residence time. I investigated the 
IST in detail in the next chapter. 
As discussed in “Dynamics of p53 in vitro and in vivo”, the 
residence times of p53 in vivo was about 10-times longer than that 
obtained in the in vitro experiments in this study. However, the longer 
residence time of p53 was recently estimated in the in vitro experiments, 
in which the binding of p53 to the tethered DNAs on coverslips was 
detected by TIRF microscopy [80]. The reported residence time was 33.1 s 
and was even longer than that of the in vivo measurement [40]. I suggest 
that the difference might be ascribed to possible posttranslational 
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modifications of p53, because p53 was constructed by insect cells, and 
might be already activated by the posttranslational modifications. In 
addition, I point out that the tethered DNA contained multiple target 
sites, which may increase the apparent residence time.  
Halazonetis’s group estimated the residence time of the 
pseudo-WT p53 (residues 79-393) on p21 target DNA to be ~13-14 s by 
fluorescent anisotropy measurements and by surface plasmon resonance 
measurements [66, 81]. Their residence times were over 100 times longer 
than those in this study. Because I followed their works to construct the 
pseudo-WT, the differences of our and their p53 are the mutations for the 
labeling of fluorescent dye (C124A, C275A, C277A, and K292C) and the 
presence of the N-terminal domain. Although Cys277 interacts with the 
target DNA, the mutation C277A did not affect the target binding in the 
gel shift assay [82]. In contrast, Khazanov and Levy found that the 
truncation of the N-terminal domain increased the fraction of p53 sliding 
along DNA in their MD simulation, which might be ascribed to the 
increased affinity of p53 for DNA [36]. However, it should be examined 
whether the truncation of the N-terminal domain really increases the 
residence time of p53 on DNA strikingly. Further investigations will be 
required to clarify the important factors to determine the residence time 
of p53 on DNA, because the residence time on the target sequence is 
important for the biological function of p53. 
 
Residence time and transcriptional activity of p53 
The residence time of p53 on the target sequence is related to the 
activity of p53. Petty et al. reported that the dissociation rate constant of 
S121F/V122G mutant (residues 79-393) is larger than that of the 
pseudo-WT p53 (residues 79-393) and that the full-length S121F/V122G 
mutant has lower transcriptional activity [66]. This result suggests that 
the shorter residence time can cause the lower transcriptional activity. 
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However, the residence time of the activated mutant on the target 
sequence (93 ms) was shorter than that of the pseudo-WT p53 (120 ms). 
The shorter residence time seemingly contradicts to the higher 
transcriptional activity of S392E in vivo [30]. I propose that the higher 
TRP of the activated mutant may be able to compensate for the shorter 
residence time. This is because the activated mutant can bind to the 
target sequence for a longer time in total than the pseudo-WT, if I 
consider the higher frequency of the target recognition of the activated 
mutant. 
 
Successful target-binding dynamics of DBPs 
The percentages of the target recognition by the 1D sliding for the 
pseudo-WT and activated mutant were 63 and 87%, respectively. The 
enhanced percentage for the activated mutant implies the significance of 
the 1D sliding for the target search of p53. The ratio of the 1D sliding and 
3D diffusion in the target-binding dynamics have been observed for 
several other DBPs directly, and the estimated ratios were listed in Table 
2-4. Although the fraction of the binding motion was different for the 
different proteins, all proteins bound to the target by using the 1D sliding. 
While I could not find any structural and functional similarities in the 
reported proteins, it will be interesting to examine what determines the 
dynamics of the target recognition for DBPs. 
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Table 2-4. The fraction of the target recognition of DBPs by 1D sliding or 
3D diffusion. 
Protein 1D / % 3D / % Reference 
Pseudo-WT p53 63 37 This study 
Activated mutant p53 87 13 This study 
MutS 42.5 57.5 [72] 
Lac repressor 30-50 50-70 [53] 
Origin recognition 
complex 
33 67 [83] 
Msh2-Msh3 27 73 [84] 
Mre11-Rad50-Nbs1 67 33 [85] 
 
 
Physiological implication of TRP of p53 
I will discuss the physiological implication of TRP of p53. In a 
normal cell, the activity of p53 should be suppressed to prevent the cell 
cycle arrest and apoptosis which can be caused by p53. In this condition, 
TRP of p53 should be low. Only when a cell is under the stressful 
condition, p53 starts to be activated by increasing TRP, resulting in the 
target recognition and the tumor suppression. In contrast, when p53 is 
inactivated by mutations, TRP of p53 becomes ~0% and p53 cannot 
recognize the target sequence, leading to the tumorigenesis. Therefore, 
the regulation of TRP might play an essential role in the function of p53. 
 
Target search time of p53 
By using rate constants of p53-DNA interaction and TRP obtained 
in this study, I can estimate the target search time of p53, tsearch. I 
incorporated TRP into Eq. (1-1) and modified the equation as follows: 
 
𝑡search =
𝐿DNA×(𝑡1D+𝑡3D)×100
𝐿S×TRP
. (2-4) 
 
I will estimate the target search of p53 in a human cell. I assume that 1% 
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of total DNA is accessible to p53 due to the chromatinization, resulting in 
LDNA = 3 × 107 bp [86]. LS is estimated to be ~200 bp in our previous 
work [42]. t1D is the same as the residence time of p53 on the non-target 
DNA and is ~11 ms (Kinetic dissociation measurements of p53 from DNA). 
t3D is described as: 
 
𝑡3D =
1
𝑘on×𝐶
 (2-5) 
 
where kon is the association rate constant of p53 to the non-target DNA 
estimated in this study (1.6×109 M-1 s-1) and C is the concentration of the 
non-target DNA (~10-5 M [87]). Moreover, due to the molecular crowding 
in vivo, the diffusion coefficient of p53 will be reduced by a factor from 10- 
to 100, making the t3D value longer. TRP of the activated p53 was 18%. 
Considering all the values mentioned above, tsearch of single p53 molecule 
is calculated to be 240 min. There are about 5500-55000 molecules of p53 
in a nucleus [88], and when I assume that 10000 molecules of p53 search 
for the target simultaneously, the tsearch value becomes 0.024 min (1.44 s), 
which is much shorter than the time required for the expression of 
downstream genes after the expression and activation of p53 by stresses 
to the cell [88]. The equation (2-4) shows that the tsearch value is a 
reciprocal of TRP. For example, the increase of TRP from 7% (pseudo-WT) 
to 18% (activated mutant) reduces the tsearch value by ~2.6-fold. 
Accordingly, it is concluded that the elevation of TRP is important for the 
target search of single p53 molecules. 
 
2-5: Conclusion 
In this chapter, I proposed the importance of TRP and aimed to 
unravel the role of TRP in the tumor suppressive function of p53. For this 
purpose, I constructed the pseudo-WT, activated and inactive mutant p53 
and estimated their TRP. By the ensemble measurements, I obtained the 
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dissociation constant, association rate constant and dissociation rate 
constant of the three p53 mutants. By the single-molecule measurements, 
the target binding and the target pass of p53 were observed directly for 
the first time. In addition, I developed an analytical method to quantify 
TRP and estimated TRP of p53 mutants. The TRP of the pseudo-WT, 
activated and inactive mutant were 7, 18 and 0%, respectively. I 
demonstrated that TRP can be altered by single mutations and propose 
that the regulation of TRP might have an essential role in the tumor 
suppression of p53. 
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3: Intersegmental transfer of p53 
 
3-1 Introduction 
 
DBPs search for the target site by the facilitated diffusion, which 
is the combination of four search mechanisms, 1D sliding, 3D diffusion, 
hopping/jumping, and intersegmental transfer (IST). IST is the 
mechanism in which a DBP transfers from one part of DNA to another 
through the formation of the transient bridging complex with two DNAs. 
Among the four mechanisms of the facilitated diffusion, IST as well as the 
3D diffusion can drastically change the location of DBP in DNA and 
facilitate the target search by escaping from the initial search region in 
DNA that might be located far from the target sites. IST is more effective 
for the acceleration of the target search than the 3D diffusion, because 
IST enables to restart the 1D search immediately after the transfer. In 
contrast, a DBP cannot bind to the target during the 3D diffusion. 
Theoretical works demonstrated that the combination of IST with the 1D 
sliding and the 3D diffusion reduces the target search time [11, 58, 89, 90]. 
In addition, IST has been clarified for several DBPs by the ensemble and 
single-molecule measurements [72, 87, 91-103]. The rate constant of IST 
is expressed as the second-order rate constants on the DNA concentration 
and varies from 103 M-1 s-1 to 107 M-1 s-1 for different DBPs so far 
characterized. However, it remains unclear what structural property of 
DBPs enables IST and determines the rate constant. Based on MD 
simulations, Levy and co-workers pointed out that the presence of 
multiple DNA-binding domains connected by a flexible linker in single 
DBP [104, 105] as well as the presence of positively-charged intrinsically 
disordered regions (IDR) frequently found in DBPs [106-108] might 
participate in IST by capturing two sites of DNA simultaneously. In fact, 
IST has been identified for DBPs having a positively-charged IDR or a 
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linker [87, 94, 95]. In this study, I investigated IST of a tumor suppressor 
p53 having a positively-charged IDR and a linker and the role of IDR on 
IST. 
p53 has been investigated as a model protein for the facilitated 
diffusion [10, 109]. The 1D and 3D search mechanism of p53 has been 
investigated comprehensibly; however, IST of p53 has been less 
investigated. The tetrameric structure of p53 possesses in total eight 
DNA binding domains, four for each of the core domain and the CT 
domain (Fig. 3-1), and is expected to enable IST by binding to two sites of 
DNA simultaneously. The IST of p53 was explored by coarse-grained MD 
simulations [36, 110]. Takada et al. revealed that the frequency of IST 
increases when two DNAs become closer and that the disordered CT 
domain predominantly interacts with DNA during IST [110]. The result 
supports the importance of IDR of DBP on IST proposed by Levy and his 
collaborators [104-108]. Accordingly, it is important to validate IST of p53 
experimentally and to clarify the roles of IDR on IST 
Here, I aimed to reveal the significance of the IST of p53 for the 
target search. In this chapter, I examined the IST of p53 by ensemble and 
single-molecule fluorescence measurements. The kinetic ensemble 
experiments with a stopped-flow apparatus revealed that IST of p53 
occurs quite efficiently with the kinetic rate constant close to the 
diffusion-limited reactions. In addition, the CT domain but not the core 
domain of p53 was found to be responsible for the diffusion-limited 
transfer. Moreover, I constructed crisscrossed DNAs on the glass 
substrate and observed IST directly at the single-molecule level. The p53 
mutants possessing the CT domain displayed IST, further supporting the 
significance of the CT domain for IST of p53. The transfer time of p53 was 
estimated to be 100-200 ms in the single-molecule experiments. The 
obtained transfer time may be explained by a slow collision time of two 
DNAs limited by the fluctuation of DNA. This study implies that the 
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ultrafast IST may enable p53 to avoid obstacles on DNA, which facilitates 
the efficient target search of p53 in vivo. 
 
 
 
Fig. 3-1. Schematic diagram of the p53 mutants, pseudo-WT, TetCT and 
CoreTet mutant. (a) Domain organization of the p53 mutants. Thick and 
thin lines denote the structured and intrinsically-disordered regions, 
respectively. NT, core, Tet and CT represent the N-terminal, core, 
tetramerization and C-terminal domain, respectively. L represents the 
linker region. The TetCT mutant lacks the N-terminal and core domain, 
and the CoreTet mutant lacks CT domain. (b) Quaternary structure of the 
p53 mutants. Colors of the domains are the same as in panel (a). 
 
 
3-2 Materials and methods 
 
Protein and DNA samples 
The pseudo-WT, inactive, TetCT, and CoreTet mutants were 
expressed and purified by the same method as described in Chapter 2. 
Moreover, the sequences of the target and non-target DNA are also the 
same as those in Chapter 2. 
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Ensemble stopped-flow experiments 
To examine IST of p53, I used the same stopped-flow apparatus as 
described in Chapter 2. The mixing dead time of the mixer was about 1 ms. 
The time resolution of the fluorescence detection was 1 ms. Four traces 
were obtained independently and cumulated. The time-course data of the 
fluorescence intensity were converted into the fluorescence anisotropy 
values by using the equation (2-3) in Chapter 2. For the IST experiments, 
40 nM of 6-FAM labeled DNA and 60 nM per tetramer of p53 mutant were 
premixed. The complex was mixed with the solution containing 100-400 
nM of the non-labeled p21 target DNA at the mixing ratio of 1:1. I used a 
buffer containing 20 mM HEPES, 0.5 mM EDTA, 0-100 mM KCl, 0-3 mM 
MgCl2, 0.2 mg / mL BSA, 1 mM DTT, and 2 mM Trolox at pH 7.9. All the 
measurements were performed at 25°C. The obtained anisotropy decay 
curves were fitted with a single-exponential function. The obtained 
apparent dissociation rate constants were plotted against the 
concentration of the competitor DNA and fitted with a linear function.  
 
Labeling of DNA with biotin and digoxigenin 
 I constructed two types of DNAs. One was DNA which possessed 
two biotins at the both ends and the other possessed one biotin and one 
digoxigenin at each end. To label DNA, I followed the reported method 
with some modifications [111]. DNA (New England Biolabs Inc.) was 
mixed with an oligo DNA (5’-pAGGTCGCCGCCC-biotin-3’; oligo-1), at a 
molar ratio of 1:10 (DNA:oligo-1). The mixture was heated at 65°C for 15 
min and cooled to room temperature for the annealing of DNA. Next, T4 
ligase (New England Biolabs Inc.) was added to the solution and reacted 
for 30 min at room temperature. After the ligation, an oligo DNA 
(5’-pGGGCGGCGACCT-biotin-3’; oligo-2) was added at a molar ratio of 
1:50 (DNA:oligo-2). The mixture was heated at 65°C for 15 min and 
cooled to room temperature for the annealing of DNA. In this step, I 
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added an oligo DNA labeled with digoxigenin instead of biotin for 
dig-labeled DNA. Again, T4 ligase was added to the solution and reacted 
for 30 min at room temperature. After that, the solution was heated at 
65°C for 10 min to inactivate T4 ligase. The excess oligo DNAs were 
removed by using MicroSpin S-400 HR Columns (GE Healthcare). The 
purified DNA was stored at 4°C. 
 
Confirmation of the applicability of the newly-designed PDMS stamp 
To check whether the newly-designed PDMS stamp can be used for 
DNA garden method, I stamped fluorescent molecules following DNA 
garden method developed by our group [69]. A coverslip (Matsunami 
Glass Ind. Ltd.) was immersed in the solution containing 10% NH3 and 
10% H2O2 for 20 min for wash. After the wash, 0.5% of MPC polymer 
(Lipidure-CM5206; NOF Corp., Tokyo, Japan) in 99.5% ethanol was 
dropped onto the coverslip for the coating to prevent the adsorption of 
DNA and p53 on the glass surface. A solution containing 20 L of 40 nM 
Q-dot (Qdot 655 streptavidin conjugate, Thermo Fisher Scientific) or 77 
g / mL Alexa635-streptavidin (Thermo Fisher Scientific) in 10 mM 
phosphate buffer at pH 7.4 was dropped onto the PDMS stamp (Fluidware 
Technologies Inc., Saitama, Japan) and was incubated for ~45 min. The 
stamp was washed with 1 mL of ultrapure water by three times. The 
coverslip was set on the stamp and a 300 g of weight was applied on the 
coverslip for 5 min to transfer Q-dot or Alexa635-streptavidin from the 
stamp to the coverslip. After the stamping, the flow cell with a linear flow 
path was constructed by using the coverslip, the slide glass with two holes 
and double-sided tape whose thickness was 100 m. The observations 
were performed in 10 mM of phosphate buffer at pH 7.4 containing 2 mM 
of Trolox. 
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Construction of the crisscrossed DNAs 
To construct crisscrossed DNAs, first, I stamped neutravidin 
following the same method as described in the previous section. In this 
case, a solution containing 20 L of 1 mg / mL neutravidin in 10 mM 
phosphate buffer at pH 7.4 was dropped onto the stamp and was 
incubated for ~45 min. After the stamping, the flow cell with the 
crisscrossed flow path was constructed by using the coverslip, the slide 
glass with four holes and double-sided tape whose thickness was 100 m. 
The cross-shaped flow path with 4 mm of the width and 1.4 and 3 cm of 
the length in a horizontal and vertical direction, respectively, was made 
by cutting the double-sided tape. A flow pressure was applied by using the 
syringe pump (-ton mini; Senshu Scientific Co. Ltd.). A solution of 5% 
PVP (Tokyo Chemical Industry Co. Ltd.) in 10 mM phosphate buffer at pH 
7.4 was introduced into the flow cell and incubated for 20 min. 
Furthermore, 1 mg / mL of BSA (Sigma-Aldrich Japan) in 10 mM 
phosphate buffer at pH 7.4 was introduced and incubated for 20 min. 
DNAs were attached to the stamped neutravidin by one end by 
introducing 150-500 pM of double-biotin DNA or 
biotin-DNA-digoxigenin in 10 mM phosphate buffer at pH 7.4 into one 
flow path at a flow rate of 40 L / min and by incubating for 30 min. To 
attach both ends of DNA to two neutravidins stamped at the separated 
positions, I used two methods described below. In the case of the 
double-biotin DNA, I applied a flow at a rate of 200 L / min for 5 min 
with buffer containing 20 mM HEPES at pH 7.9, 0.5 mM EDTA, 25 mM 
KCl, 0-2 mM MgCl2, 0.2 mg / mL BSA, 1 mM DTT, and 2 mM Trolox, in 
one flow path, following at the same rate for 5 min in the other flow path. 
In the case of the biotin-DNA-digoxigenin, I applied a flow at a rate of 
500 L / min for 4 min with buffer containing 20 mM HEPES at pH 7.9, 
0.5 mM EDTA, 25 mM KCl, 0-2 mM MgCl2, 0.2 mg / mL BSA, 1 mM DTT, 
2 mM Trolox, and 1,000-fold diluted anti-digoxin-biotin (Sigma-Aldrich 
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Japan) in one flow path, following at the same rate for 2 min in the other 
flow path. In the case of the experiments to test whether crisscrossed 
DNAs were indeed constructed, DNA was stained with buffer containing 
100 nM of SYTOX Orange (Thermo Fisher Scientific). 
 
Single-molecule fluorescence microscopy 
I used the same TIRF microscopy as in the previous section, except 
for the laser. I used the 532-nm laser (Compact-TS-20G-532; OTPO-LINE, 
Inc. Tokyo, Japan or CL-532-050-L; CrystaLaser), whose power was 0.5 or 
5 mW. 
 
Labeling of p53 mutants with a fluorescent dye 
The pseudo-WT, TetCT and CoreTet mutants were labeled with 
ATTO532 as described in Chapter 2. The labeling efficiencies of the 
pseudo-WT and CoreTet mutant were 1.1 and 1.5 dye per monomer, 
respectively. The labeling efficiency of the TetCT mutant was assumed to 
be 1 because the concentration of TetCT was not measured due to the high 
and low absorbance of ATTO532 and TetCT at 280 nm, respectively. 
 
Single-molecule observation of the IST 
I used the buffer containing 20 mM HEPES at pH 7.9, 0.5 mM 
EDTA, 25 mM KCl, 0 or 2 mM MgCl2, 0.2 mg / mL BSA, 1 mM DTT, and 2 
mM Trolox. ATTO532-labeled p53 mutants were diluted to 1-2 nM / 
monomer with the buffer and introduced into the flow cell. The movies 
were obtained in the absence or presence of flow at a rate of 200 or 500 L 
/ min.  
 
Analysis of the IST 
For the analysis, the movement of p53 molecule was tracked by 
using ImageJ and its plugin, Particle Track and Analysis, developed by 
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Dr. Yoshiyuki Arai (Osaka University, Japan). The position of p53 
molecule was determined by fitting with 2D Gaussian function. To 
analyze IST of p53, I referred to the method developed by Greene’s group 
[72]. First, to determine the position of DNAs and the intersection, I 
tracked p53 molecules in a series of frames and plotted the coordinates of 
all molecules. The plots, corresponding to DNA, were fitted with a linear 
function when there was no flow. When the horizontally tethered DNA 
was curved by a flow pressure in a vertical direction, the plots were fitted 
with a polynomial function. The coordinate of the intersection was 
calculated from the obtained fitting equations of two crisscrossed DNAs. I 
defined the intersection as the circle with the radius of 4 pixels (320 nm) 
considering the fluctuation of DNA. Two crisscrossed DNAs were defined 
as DNA1 and DNA2, and divided into five areas, the intersection, one side 
of DNA1, the other side of DNA1 across the intersection, one side of DNA2 
and the other side of DNA2 across the intersection. The movements after 
p53 entered the intersection were classified into four cases. First, when 
p53 entered the intersection from one side of DNA1 by 1D sliding, resided 
for a while, and went out of the intersection to either side of DNA2, the 
movement was categorized as “transfer”, that is, IST occurred. Second, 
when p53 entered the intersection from one side of DNA1 and went out of 
the intersection to the opposite side of DNA1, the movement was 
categorized as “pass”, that is, p53 passed over the intersection without 
IST. In the third case, when p53 entered from one side of the intersection 
and exited to the same side, the movement was categorized as “return”.  In 
the fourth case, when p53 disappeared after entering the intersection, the 
movement was categorized as “dissociation” of p53 from DNA or 
photobleaching/photoblinking of the fluorescent dye, ATTO532. I counted 
the number of each of four events and estimated the transfer efficiency, 
which is the ratio of the number of the transfer events to that of the whole 
events. 
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3-3: Results 
 
Observation of IST from the target and non-target DNA 
To observe IST of p53, I used the same stopped-flow system in 
Chapter 2. A 30 bp fragment of the double stranded DNA was labeled 
with a fluorescent dye, 6-FAM, and was initially complexed with p53. The 
solution was mixed with various concentrations of the target DNA with no 
fluorescent dye used as the competitor (Fig. 3-2a). If IST occurs, the 
dissociation of p53 from the 6-FAM-labeled DNA should be promoted as 
with the concentration of the competitor DNA, which can be detected as a 
decay of the fluorescence anisotropy of 6-FAM (Fig. 3-2b). The apparent 
dissociation rate constant from the non-target DNA determined by the 
fitting of the decay with a single-exponential function was dependent on 
the concentration of competitor DNA, demonstrating IST of pseudo-WT 
p53 (Fig. 3-2c). The plot was fitted with a linear function to estimate the 
slope corresponding to the rate constant of IST (kIST) of pseudo-WT p53 as 
4.8 ± 0.1×108 M-1 s-1. The value was close to the diffusion-limited 
bimolecular rate constant, and is three-fold smaller than kon (1.4-1.62×109 
M-1 s-1) obtained in Chapter 2. 
By contrast, the apparent dissociation rate constant of pseudo-WT 
p53 from the target DNA was not affected by the concentration changes of 
the competitor DNA (Fig. 3-2c). This implies that IST of p53 occurs only 
from the non-target sequence of DNA. As a control experiment, I 
measured the inactive mutant (R248Q) of p53 that lost the binding 
specificity for the target DNA as shown in Chapter 2. As expected, the 
dissociation rate constants of the inactive mutant both from the target 
and non-target DNAs were similarly dependent on the competitor 
concentration (Fig. 3-2d). The kIST values of the inactive mutant from the 
target and the non- target DNA were 2.0 ± 0.3 and 2.0 ± 0.2 × 108 M-1 s-1, 
respectively. These results further support that the specific binding of 
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pseudo-WT p53 to the target DNA dramatically reduces the IST rate 
constant, and that IST of p53 occurs only from the non-target DNA 
sequence.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
58 
 
 
Fig. 3-2. (a) A schematic drawing of the stopped-flow apparatus used for 
the ensemble measurements. 6-FAM-labeled DNA and p53 was 
complexed beforehand in one reservoir and was mixed with the solution 
containing an excess amount of competitor DNA. (b) Time-course data of 
the fluorescence anisotropy decay of 6-FAM labeled non-target DNA after 
the mixing of 50 (black), 100 (red), 150 (blue), and 200 (orange) nM of the 
competitor DNA. Solid curves are the best-fitted curves with a 
single-exponential function. (c) The dissociation rate constant of the 
pseudo-WT p53 (kobs) from the target (circle) and the non-target (triangle) 
30 bp DNA against the competitor DNA concentration. (d) The 
dissociation rate constant of the inactive mutant p53 (kobs) from the target 
(circle) and the non-target (triangle) 30 bp DNA against the competitor 
DNA concentration. Solid lines in panels (c) and (d) are the best-fitted 
lines with a linear function, whose slop corresponds to kIST. The errors 
were the fitting errors except for the data in the presence of 200 nM of 
competitor DNA in panel (c), which were obtained in Chapter 2. 
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Influence of the salt concentration of IST 
To further clarify the factors controlling IST of p53, I examined 
how salt concentrations affect the kinetics of IST. The increased salt 
concentrations are expected to weaken the electrostatic interaction 
between p53 and DNA, slowing the association of p53 to and facilitating 
the dissociation of p53 from DNA. The salts might also assist the 
formation of the three-body complex composed of p53 and two DNAs by 
weakening the electrostatic repulsion between the two DNAs. Accordingly, 
the salt concentration dependence might reveal factors determining the 
IST rate constant. Here, I used two types of cations, K+ and Mg2+. K+ in 
solution screens the long-range electrostatic interaction, whereas Mg2+ 
neutralizes the negative charge of DNA backbone by binding directly to 
DNA. In fact, K+ does not affect the 1D sliding of the full-length p53 [34, 
35], but Mg2+ affects the 1D sliding significantly [42]. 
I observed the dissociation of pseudo-WT p53 from the labeled 
non-target DNA at the different concentrations of K+ or Mg2+. First, I 
conducted the experiments in the buffers containing 0, 50, or 100 mM of 
K+ and 2 mM of Mg2+. In all the K+ concentrations, the apparent 
dissociation rate constants from the non-target DNA were linearly 
increased against the concentration of the competitor DNA, confirming 
IST of pseudo-WT p53 (Fig. 3-3a). As the concentration of K+ increased, 
the IST rate constants increased from 1.78 ± 0.03 × 108 to 5.5 ± 0.3 × 108 
M-1 s-1 (Fig. 3-3b). Second, I conducted the experiments in the buffers 
containing 50 mM of K+ and 0, 1, 2 or 3 mM of Mg2+. In all the Mg2+ 
concentrations, the apparent dissociation rate constants from the 
non-target DNA linearly increased against the concentration of 
competitor DNA, confirming IST of pseudo-WT p53 (Fig. 3-3c). The IST 
rate constant was also increased from 0.79 ± 0.06 × 108 to 4.3 ± 0.2 × 108 
M-1 s-1 as the concentration of Mg2+ increased from 0 mM to 3 mM (Fig. 
3-3d). The similarity in the effects of the two cations suggests the 
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importance of weakening the electrostatic interaction to facilitate IST. 
The rate constants of IST at 2 and 3 mM of Mg2+ were almost the same, 
similar to the result that the diffusion coefficient of p53 along DNA was 
not altered between 2 and 3 mM of Mg2+ reported in our previous work 
[42]. The data suggest that the cation accelerates IST of p53 by assisting 
the formation of the three-body complex and/or the dissociation of p53 
from DNA. 
 
Roles of two DNA-binding domains of p53 on IST 
To clarify the roles of the two DNA-binding domains of p53 on IST, 
I examined the two mutants of p53 constructed in our previous work [43]. 
One is the CoreTet mutant that lacks the CT domain, and the other is the 
TetCT mutant that lacks the core domain (Fig. 3-1). I determined the IST 
rate constant for each mutant from the non-target DNA in the buffer 
containing 50 mM of K+ and 1 mM of Mg2+ (Fig. 3-4). The apparent 
dissociation rate constant for the TetCT mutant was increased linearly as 
the increase of the competitor concentration. The kIST value of the TetCT 
mutant was 3.3 ± 0.5 × 108 M-1 s-1, which was close to that of pseudo-WT 
(2.6 ± 0.1 × 108 M-1 s-1). In contrast, the apparent dissociation rate 
constant for the CoreTet mutant was not dependent on the competitor 
concentration. These results demonstrate the critical importance of the 
CT domain for IST of p53, which might be consistent with the theoretical 
investigations suggesting the predominant role of the CT domain in IST 
[110]. In contrast, the absence of IST for the CoreTet mutant implies that 
the Core domain and the linker regions might not be important for IST. 
Overall, the analysis of the p53 mutants revealed that the 
positively-charged and disordered CT domain of p53 plays an important 
role in IST. 
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Fig. 3-3. The salt concentration dependency of the IST rate constant of the 
pseudo-WT p53. (a) The dissociation rate constant of pseudo-WT p53 (kobs) 
from the non-target 30 bp DNA against the competitor DNA 
concentration in the presence of 0 (red), 50 (black) and 100 (blue) mM of 
K+ and 2 mM of Mg2+. (b) The kinetic rates of IST (kIST) in the presence of 
0, 50 and 100 mM of K+ and 2 mM of Mg2+. (c) The dissociation rate 
constant of pseudo-WT p53 (kobs) from the non-target 30 bp DNA against 
the competitor DNA concentration in the presence of 50 mM of K+ and 0 
(red), 1 (orange), 2 (black) and 3 (blue) mM of Mg2+. (d) The kinetic rates 
of IST (kIST) in the presence of 50 mM of K+ and 0, 1, 2 and 3 mM of Mg2+. 
Solid lines in panels (a) and (c) are the best-fitted lines with a linear 
function, whose slope corresponds to kIST. The errors are the fitting errors 
except for the data with 50 mM of K+ and 2 mM of Mg2+ in the presence of 
200 nM of competitor DNA in panels (a) and (c), which were obtained in 
Chapter 2. 
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Fig. 3-4. Ensemble kinetic observation of IST of the p53 mutants. The 
dissociation rate constants (kobs) of pseudo-WT (black), TetCT (red) and 
CoreTet (blue) from the non-target 30 bp DNA in the presence of 50 mM of 
K+ and 1 mM of Mg2+ were plotted against the competitor DNA 
concentration. Solid lines are the best-fitted lines with a linear function, 
whose slope corresponds to kIST. The errors were the fitting errors. 
 
 
Construction of the crisscrossed DNAs 
To characterize IST of p53 further, I developed a method to 
construct crisscrossed DNAs and observed IST directly by single-molecule 
fluorescence microscopy. For this purpose, I modified DNA garden method 
developed by our group [69]. First, I designed a new PDMS stamp having 
lattice-shaped patterns (Figs. 3-5a and b). Because the length of DNA 
stretched by a flow pressure is ~13 m [112], I set the distance of a unit 
lattice to 10-13 m to attach DNA by the both ends. By using the new 
stamp, Q-dot or Alexa635-streptavidin were stamped on the coverslip 
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coated with MPC polymer. The lattice-shaped patterns were detected in 
the fluorescence images of the stamped coverslip (Figs. 3-5c-f). Therefore, 
the new stamp can transfer proteins and other materials in the lattice 
shape required to create crisscrossed DNAs. 
To construct the crisscrossed DNAs, I stamped neutravidin, set up 
the crisscrossed flow channel around the stamped area, introduced the 
biotin-labeled DNA from one of the channels and applied a flow pressure. 
A fraction of DNA attached to the neutravidin at one end should be 
stretched in the flow, reaching the other end to the adjacent lattice. After 
4~5 min, some DNAs formed the tethered DNA at the both ends. I stained 
DNAs with SYTOX orange and observed the cell by using the fluorescence 
microscopy. In the image shown in Fig. 3-6a obtained in the absence of 
flow, two DNAs were still stretched in the horizontal direction, 
demonstrating the tethering of the both ends of DNA. When a flow was 
applied from the lower to upper channel at a rate of 200 L / min, the 
DNAs tethered by the both ends horizontally were curved. In addition, 
many of new DNAs were stretched to the vertical direction and created 
several intersections (Fig. 3-6b). In the other observation, many 
intersections were made by applying a vertical flow at a rate of 200 L / 
min (Fig. 3-6c). In most cases, DNAs stretched in the vertical direction 
were tethered only by one end, making the number of the intersection 
very small without a flow. Therefore, if I was unable to find intersections 
without flow during the observation of p53, I applied a flow pressure to 
stretch single-tethered DNAs and to produce the intersections.
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Fig. 3-5. Design of the PDMS stamp for the construction of crisscrossed 
DNAs. (a, b) The patterns of the designed PDMS stamp. Gray areas 
denote the regions for the stamping. The widths of a line are 2 m (a) and 
3 m (b). Four types of lattices were prepared for each pattern having 10, 
11, 12 and 13 m of the distances between the two parallel lines. (c-f) The 
fluorescence images of the stamped Q-dots (c and d) and 
Alexa635-streptavidin (e and f). Typical images obtained for the coverslip 
stamped by 40 nM of Q-dot and 77 g / mL of Alexa635-streptavidin were 
presented. Scale bars represent 2 m. 
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Fig. 3-6. Crisscrossed DNAs stained with SYTOX Orange. (a) A 
representative area where two DNAs were tethered by both ends 
horizontally in the absence of a flow pressure. Two DNAs were shown by 
white arrows. (b) The same area as that in panel (a) in the presence of a 
vertical flow at a rate of 200 L / min. (c) Crisscrossed DNAs in another 
area in the presence of a vertical flow at a rate of 200 L / min. Scale bars 
represent 2 m. 
 
 
Single-molecule observation of IST 
To observe IST of p53, I used the same optical system as used in 
Chapter 2. For single-molecule measurements, I labeled the p53 mutants 
with a fluorescent dye, ATTO532, following the same method as described 
in Chapter 2. I introduced 1-2 nM per monomer of ATTO532-pseudo-WT 
p53 to the flow cell and observed the 1D sliding of p53 on the crisscrossed 
DNAs. To increase the residence time of p53 on DNA and the observation 
number of IST, I conducted the single-molecule observations in the 
presence of 25 mM K+ and in the absence of Mg2+. Figure 3-7a shows a 
representative image of ATTO532-pseudo-WT p53 on the crisscrossed 
DNA. The single bright spot corresponds to a single p53 molecule. The 
lattice-shaped patterns correspond to p53 molecules attached to the DNA 
non-specifically adsorbed on the stamped neutravidins. However, some 
p53 molecules bound to the tethered DNAs showed the sliding along DNA 
and sometimes entered the intersection of the two DNAs. In some cases, I 
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could identify the movement of p53 showing apparent change of the 
sliding direction, likely corresponding to IST. 
To further confirm IST and conduct quantitative analysis of the 
observation, I analyzed the observed images as follows. First, I 
determined the position of DNAs and the intersection by fitting the 
obtained coordinates of p53 molecules on DNA. In one measurement, I 
typically observed 1000 consecutive fluorescence images. I averaged all 
the images to detect the locations of the tethered DNAs as the averaged 
traces of p53. If the intersection points were identified in the averaged 
image, I fitted the averaged traces of p53 by a linear function (Fig. 3-7b). 
If the horizontal DNAs were curved due to the vertical flow pressure, the 
coordinates were fitted with a quadratic function (Fig. 3-7b). The 
intersection was defined as the circle whose radius was 4 pixels (320 nm) 
by considering the fluctuation of DNA. Figure 3-6c shows a typical 
trajectory where pseudo-WT p53 entered the intersection by the 1D 
sliding from the bottom and moved to the right. The turn of p53 at ~90 
degrees in the intersection implies the transfer from one DNA to the other. 
By using a hand-made software, we identified 10 IST events for 
pseudo-WT p53. We conclude that IST of p53 were detected at the single 
molecule level in these observations. 
 
The transfer efficiency and the transfer time of p53 
The careful analysis of the single molecule fluorescence images 
demonstrated that various events are actually involved in the 
intersection area. As shown in Fig. 3-7c, I identified several molecules of 
pseudo-WT p53 conducting IST. In contrast, most molecules of pseudo-WT 
p53 apparently passed over or returned from the intersection without IST 
(Figs. 3-7d and e). Furthermore, others disappeared in the intersection, 
which represents the dissociation of p53 from DNA (Fig. 3-7e). 
Accordingly, the movement of p53 after the entrance into the intersection 
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can be classified into four cases: transfer, pass, return and dissociation. 
The observed number of each case is listed in Table 3-1. 
To have a quantitative estimate for IST, I defined a transfer 
efficiency (TE) as the ratio of the number of transfer events to that of the 
overall events. The TE value of the pseudo-WT was estimated to be 17 ± 
5% (n = 59). As observed in pseudo-WT p53, IST of the TetCT mutant was 
observed whose TE was 15 ± 3% (n = 162) (Fig. 3-7f). I also detected IST in 
the presence of 25 mM of K+ and 2 mM of Mg2+ (Figs. 3-7g and h) and 
estimated that the TE values for pseudo-WT and TetCT were 9 ± 4% (n = 
44) and 26 ± 4% (n = 120), respectively. The TE values were similar to 
those obtained in 25 mM of K+ and 0 mM of Mg2+. In contrast, IST of the 
CoreTet mutant, corresponding to TE of 0% (n = 20) (Fig. 3-7i). These 
results are consistent with those obtained by ensemble measurements 
demonstrating the importance of the CT domain for IST. The obtained TE 
values are minimal estimates, because the intersection with 320 nm of 
the radius used for the analysis is much larger than the actual size (2 nm, 
diameter of DNA helix).  
I next estimated the time, transfer time, during which p53 was 
located at the intersection in IST. Figure 3-8 shows the distribution of the 
time for which the pseudo-WT and TetCT mutant p53 were located at the 
intersection during IST. The data demonstrate that most molecules of p53 
transferred within 200 ms. The plots of the TetCT mutant were fitted by a 
single-exponential function, giving the time constants, 104 ± 41 and 161 ± 
59 ms, as the estimates of the transfer times in the absence of Mg2+ and in 
the presence of 2 mM Mg2+, respectively. The obtained transfer time may 
be explained by a slow collision time of two DNAs limited by the 
fluctuation of DNA, rather than an effective DNA concentration of the 
intersection (see Discussion). 
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Fig. 3-7. Single-molecule observation of IST. (a) A typical image of 
ATTO532-pseudo-WT on the crisscrossed DNA in the presence of 25 mM 
of K+ and in the absence of Mg2+ A flow was applied from lower to upper 
direction at a rate of 200 L / min. The single bright spot corresponds to a 
single p53 molecule. The lattice-shaped patterns correspond to p53 
molecules attached to the DNA non-specifically adsorbed on the stamped 
neutravidins. (b) Determination of the position of DNA and the 
intersection. The area is the same as that in panel (a). Black dots are the 
obtained coordinates of ATTO532-pseudo-WT p53. Black curves are DNA 
obtained by fitting the coordinates with a linear (vertical) and quadratic 
(horizontal) function. To simplify the figure, I showed only the traces of 
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p53 located in the vicinity of DNAs forming the intersection. Scale bars in 
panels (a) and (b) represent 2 m. (c)-(e) Representative images of 
trajectories of pseudo-WT p53 around the intersection in the presence of 
25 mM of K+ and in the absence of Mg2+. Panels (c), (d) and (e) represent 
the images in which pseudo-WT p53 performed IST, passed over the 
intersection and dissociated from DNA after repeating the entrance into 
and exit from the intersection, respectively. (f) A representative trajectory 
which shows IST of the TetCT mutant in the presence of 25 mM of K+ and 
in the absence of Mg2+. Representative trajectories depicting IST of (g) 
pseudo-WT and (h) TetCT in the presence of 25 mM of K+ and 2 mM of 
Mg2+. (i) A representative trajectory showing that the CoreTet mutant 
passed over the intersection without IST. Black solid curves and rainbow 
curves in panels (c)-(i) denote DNA and the time course of the trajectories 
in which red is the starting point, 0 s, respectively. Scale bars of the 
distance in panels (c)-(i) represent 0.5 m. Scale bars of the time in panel 
(c) and in panels (d)-(i) represent 0.5 s and 1 s, respectively. 
 
 
Table 3-1: The number of events for the movement of p53 observed by 
single-molecule fluorescence measurementsa 
p53 
[Mg2+] /  
mM 
NTransfer NPass NReturn NDissociation TEb / % 
Pseudo-WT 0 10 ± 3 3 ± 2 24 ± 4 22 ± 4 17 ± 5 
TetCT 0 24 ± 5 5 ± 2 65 ± 6 68 ± 6 15 ± 3 
CoreTet 0 0 1 ± 1 11 ± 2 8 ± 2 0 
Pseudo-WT 2 4 ± 2 1 ± 1 26 ± 3 13 ± 3 9 ± 4 
TetCT 2 31 ± 5 11 ± 3 51 ± 5 27 ± 5 26 ± 4 
aErrors were calculated by the bootstrap method with 1000 times 
resampling [71]. 
bTE stands for transfer efficiency. 
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Fig. 3-8. Distributions of the time during which the pseudo-WT (a and b) 
and TetCT (c and d) mutants were located at the intersection in the 
events of IST. The results were obtained in the presence of 25 mM of K+ 
and 0 (a and c) and 2 (b and d) mM of Mg2+. Red solid curves in panels (c) 
and (d) are the best-fitted curves with a single-exponential function. The 
errors were calculated by the bootstrap method with 1000 times 
resampling [71]. 
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Formation of “DNA web” 
During my single-molecule observations, the contraction of DNAs 
in the presence of the pseudo-WT and TetCT mutants was observed as 
reported in our previous work [69]. Notably, some DNAs were apparently 
entangled with others and formed a pattern resembling “spider web” (Figs. 
3-9a and b). In these images taken without adding SYTOX orange, DNAs 
were still observed as bright curves, suggesting that the DNAs might be 
fully covered by ATTO532-p53. The DNA webs still demonstrated 
fluctuation and changed the shapes by the flow pressure, implying that 
DNAs were not adsorbed on the glass surface and that the adsorption was 
not the cause of the DNA web. These data suggest indirectly that p53 can 
bind to two parts of DNA simultaneously (Fig. 3-9c). 
 
 
Fig. 3-9. Formation of DNA webs. (a and b) Representative images of DNA 
webs obtained in the presence of 50 mM of K+ and 2 mM of Mg2+. 
ATTO532-pseudo-WT p53 were bound to DNAs, and made DNAs visible. 
Scale bars represent 2 m. (c) Schematic image of DNA web. p53 binds to 
two parts of DNAs simultaneously, forming the shape resembling spider 
web. 
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3-4: Discussion 
 
Tetramer and positively-charged disordered region enable 
diffusion-limited IST of p53 
The values of kIST so far examined for DBPs including p53 are 
listed in Table 3-2 [87, 94, 96, 97, 100, 102]. The structures of the listed 
DBPs are: dimeric folded protein (Fis), a domain composed of three 
-helices (Sox2), one structured domain and disordered N-terminal tail 
(HoxD9), and three folded zinc finger domains connected by linkers 
(Egr-1). IST of p53 from the non-target DNA was 10-104-fold faster than 
those of other DBPs and is nearly diffusion-limited. I infer that the 
ultrafast IST of p53 is attributed to the unique structural properties of 
p53, the homo tetramer of a monomer each having the positively-charged 
and disordered CT domain. The oligomerization provides the multiple 
binding sites to DNA, two of which might be used to capture two DNAs 
simultaneously in the intermediate structure of IST. In fact, I found that 
a dimer mutant of p53 (L344A) shows at least 8-fold weaker binding to 
non-specific DNA than the p53 tetramer [43]. This suggests that the p53 
tetramerization is required for the stronger binding to DNA. While the 
weaker binding of the dimer mutant prevents the observation of IST by 
our stopped-flow measurements, we infer that the tetramerization should 
be important for IST. Schmidt et al. reported that the ratio of DBPs which 
form oligomers is higher than that of total proteins, implying a general 
importance of the oligomerization of DBPs for their functions including 
sequence-specific binding to DNA and the target search facilitated by IST 
[58].  
The pseudo-WT p53 and the TetCT mutant, having 
positively-charged disordered CT domain, exhibited IST, but the CoreTet 
mutant lacking the CT domain did not (Fig. 3-4). These results clearly 
indicate that the core domain is not necessary for IST, but the 
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positively-charged disordered CT domain is important for IST. The 
significant contribution of the positively-charged IDR to IST found in this 
investigation is consistent with the result by coarse-grained MD 
simulations demonstrating IST triggered by the positively-charged tails 
[36, 106-108, 110]. Moreover, the increase of kIST by the increased cation 
concentration can be understood by considering that p53 performs IST via 
the CT domain. Terakawa et al. revealed that the number of the CT 
domain contacting with DNA during the 1D sliding along DNA decreased 
as the concentration of monovalent ion was increased in their MD 
simulation [37]. The larger number of the unbound CT domain caused by 
the higher salt concentration might allow p53 to catch another DNA more 
frequently, and facilitate IST. Accordingly, I conclude that both the 
tetramerization and the presence of the positively-charged and disordered 
CT domain, which are unique for p53, are indispensable for the 
diffusion-limited IST. 
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Fig. 3-10. Schematic structures of representative DBPs reported to 
perform IST between two DNAs. Structured shapes and curves denote the 
folded domain and the IDR, respectively.  
 
 
Table 3-2: kIST values of a variety of DBPs.  
DBP Fis Sox2 HoxD9 Egr-1 
Pseudo
-WT 
p53 
TetCT 
mutant 
p53 
kIST-target 
/ M-1 s-1 
N. D.a 
No 
IST 
~6 × 104 
0.84 ± 
0.16 
No IST N. D.a 
kIST-non-target 
/ M-1 s-1 
~1 × 
104 
1.3 ± 
0.2 × 
106 
~1.4 × 
106 
105-107 ~108 ~108 
Oligomeriza- 
tion state 
2 1 1 1 4 4 
# of basic tail 0 0 1 0 4 4 
References [102] [97] [87, 94] [96, 100] 
This 
study 
This 
study 
aN. D.: Not determined. 
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IST is not determined only by effective DNA concentration, but also by 
fluctuation of DNA  
To examine the factors determining the transfer time deduced in 
the single-molecule measurements, I estimated the effective DNA 
concentration, [DNA]eff, and the DNA fluctuation time at the DNA 
intersection. To estimate [DNA]eff, I assumed that DNA fluctuates within 
the evanescent field (~200 nm) because I was able to observe IST by TIRF 
microscopy. When two DNAs forming one intersection are located within 
the sphere whose radius r is 100 nm, [DNA]eff is described as NA-1/(4r3/3), 
where NA is Avogadro constant (= 6.02 × 1023 / mol), and is calculated to 
be ~400 nM. The time required for the transfer, calculated from 
1/([DNA]eff kIST), is estimated to be 25 ms, which is shorter than the 
transfer time obtained by the single-molecule measurements (104 ± 41 
and 161 ± 59 ms). This implies that the transfer of p53 in the 
experimental set up of the single-molecule measurements is much slower 
than the estimated transfer deduced in the ensemble stopped-flow 
measurements. 
 The slow transfer of p53 in the single-molecule experiments might 
be explained by the slower collisions of two tethered DNAs. I roughly 
estimated the frequency of the collisions of two DNAs by using the 
correlation time of the transverse and longitudinal fluctuations, t and l 
for the tethered DNAs following the methods reported previously [51]. I 
used the contour length and the actual length of DNA as 16.5 and 13 m, 
respectively, corresponding to ~80% extension of DNA [112], and 
estimated the t and l values as 61 and 4.5 ms, respectively. Although the 
longer correlation time of DNA (61 ms) was shorter than the transfer time 
obtained by the current single-molecule measurements (104 ± 41 and 161 
± 59 ms), it was longer than the time required for the transfer calculated 
from the effective DNA concentration as described above (25 ms). 
Furthermore, the low TE of p53 found in the single-molecule 
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measurements might be consistent with the slow collision of two DNAs. In 
contrast, the ensemble stopped-flow measurements were conducted by 
using short fragment (30 bp) of DNAs, possessing significantly faster 
collisions determined by the diffusion coefficient. Accordingly, the slow 
collision of the tethered DNAs might explain the slower transfer time 
observed for IST in the current single-molecule measurements. 
 
Physiological implication of diffusion-limited IST of p53 
To examine the physiological significance of IST on the target 
search of p53, I estimated an actual frequency of IST in cells. The 
concentration of DNA in nuclei is about 150 mM by base pair [87]. The 
accessible DNA in vivo is assumed to be ~1% because the other DNA 
regions are wrapped around histone proteins and form chromatin 
structures [86]. In my ensemble experimental condition where 30 bp of 
DNA was used, the accessible DNA is estimated to be 50 M. Accordingly, 
if I assume the kIST value as 108 M-1 s-1, the rate constant of IST in nuclei 
is calculated to be 5,000 s-1. This is ~600-fold faster than the dissociation 
rate constant of p53 bound to DNA, 8.3 s-1, which corresponds to the kobs 
value at [Competitor DNA] = 0 nM (Fig. 3-2c), indicating that the IST of 
p53 occurs ~600-fold more frequently than 3D diffusion. Accordingly, the 
fast IST makes the average duration used for one event of the 1D sliding 
time extremely short and to less than 1 ms. 
The short duration used for one event of the 1D sliding might be 
important for the target search of p53 in cells. In the duration, I can 
estimate that p53 can scans only 20 bp of DNA by the 1D sliding based on 
the 1D diffusion coefficient of p53 (0.12 m2 / s) [69]. In the absence of IST, 
the average scanning length is estimated to be 340 bp, which is 17-fold 
longer than that in the presence of IST. In cells, many other DBPs bound 
to DNA might prevent the sliding of p53 and might restrict the scanning 
of DNA by p53; however, the ultrafast IST might enable p53 to escape 
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from the traps between the neighboring DBPs and facilitate the target 
search. Once p53 binds to the target site, p53 stays on the target site 
because of the absence of IST from the target site, and provides the time 
for the recruitment of cofactors such as histone acetyltransferases and 
transcription initiation components required to transactivate 
downstream genes [113, 114]. 
 
3-5: Conclusion 
In this chapter, I aimed to reveal the role of IST in the target 
search of p53. The stopped-flow ensemble measurements revealed that 
IST of p53 occurs from the non-target DNA and that the transfer rate was 
close to the diffusion-limited reaction rate (~108 M-1 s-1). The 
measurements also demonstrated that the CT domain of p53 is 
responsible for IST. In addition, I developed a method to construct 
crisscrossed DNAs and observed IST directly by single-molecule 
fluorescence microscopy. The transfer efficiencies of the pseudo-WT and 
TetCT mutants were estimated to be 9~26%. By contrast, the CoreTet 
mutant did not exhibit IST, which is consistent with the results in 
ensemble measurements demonstrating the significance of the CT domain 
for IST. By analyzing the transfer events, the transfer time of the TetCT 
mutant was estimated to be 100-200 ms. I discussed that the transfer 
time may be determined by the fluctuation of DNA. Finally, I estimated 
the approximate transfer rate in vivo and propose that the IST in vivo 
may be effective to avoid obstacles attached on DNA and facilitate the 
target search of p53. 
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4: Summary 
 
4-1 Summary of Chapter2 and Chapter3 
 
In Chapter 2, I aimed to unravel whether the regulation of TRP 
has important roles in the tumor suppression of p53 and proposed the 
significance of TRP of DBPs. First, I constructed three types of p53 
mutants, pseudo-WT, activated and inactive mutant to examine the 
relationship between the function and TRP of p53. I conducted the 
equilibrium and kinetic measurements to elucidate the characteristics of 
the p53 mutants for the DNA binding. Then, I observed the dynamics of 
the p53 mutants along the long target DNA by single-molecule 
fluorescence microscopy. I found that most p53 molecules passed over the 
target sequence without recognizing the target. Furthermore, I developed 
an analytical method to estimate TRP of the p53 mutants quantitatively. 
TRP of the pseudo-WT, activated and inactive mutants of p53 were 7, 18 
and 0%, respectively. These data indicate that TRP can be increased and 
decreased by the activating and inactivating mutations of p53, 
respectively. Thus, it was demonstrated that the regulation of TRP might 
be important for the tumor suppressive function of p53. 
In Chapter 3, I elucidated the characteristics of IST of p53. IST of 
p53 occurred only from the non-target DNA. Moreover, the IST rate of p53 
was ~108 M-1 s-1, which is close to the diffusion-limited reaction rate 
constant. IST was observed for the pseudo-WT and TetCT mutants 
possessing the CT domain, but was not observed for the CoreTet mutant 
lacking the CT domain, indicating that IST of p53 occurs mainly via the 
CT domain. Furthermore, I developed the method to construct 
crisscrossed DNAs and observed IST of p53 directly at the single-molecule 
level. I demonstrated that some pseudo-WT p53 molecules performed IST 
and that others passed over the intersection without IST. IST of the 
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TetCT mutant was also observed, but IST did not occur for the CoreTet 
mutant, which further supports the idea that the CT domain is required 
for IST of p53. I estimated the transfer efficiency of the pseudo-WT and 
TetCT mutants to be 9-26%. In addition, I estimated the transfer time of 
the TetCT mutant to be 100-200 ms, suggesting that the collision of DNA 
determines the IST rate constant. Finally, I propose that IST of p53 might 
be important to avoid roadblocks on DNA and facilitate the target search 
in vivo. 
 
4-2 Future perspective 
 
Relationship between TRP and the sliding modes of p53 
Our group previously found that p53 has two sliding modes, fast 
and slow modes, [42] and modeled the two modes [43]. In the fast mode, 
p53 binds to DNA via the CT domain, and in the slow mode, both the CT 
domain and the core domain contact DNA. Here, I propose the 
relationship between the two modes and TRP. When p53 passes over the 
target, p53 should be in the fast mode in which the core domains cannot 
contact with DNA. By contrast, when p53 recognizes the target, p53 is in 
the slow mode in which the core domains are contacting DNA. TRP might 
be determined by the probability of the transition from the fast mode to 
the slow mode on the target sequence. Thus, the relationship between 
TRP and the two diffusion modes would give us a clue to understand the 
target binding process. 
In this study, I was not able to determine the sliding mode of p53 
in a certain time. To determine the mode, the structural change caused by 
the transition between the two modes should be traced in real time. For 
this purpose, I should obtain more detailed structure of p53 in each mode 
bound to DNA non-specifically. After that, by labeling p53 with two dyes 
and by observing the time course of Förster Resonance Energy Transfer 
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efficiency, I would be able to determine the mode and detect the target 
binding simultaneously. The clarification of the relationship between the 
two modes and TRP may reveal the significance of the two modes on the 
target search of p53. 
 
Target search of p53 in chromatin 
In eukaryotic nuclei, DNAs are wrapped around histone proteins 
and folded into the compact chromatin structures. DBPs including p53 
have to search for the target sequence in an environment mainly 
consisting of the complicated DNA structures. Recent studies provided 
evidences that p53 binds to the target in a nucleosome and a nucleosome 
itself. In 2010, Nili et al. demonstrated that p53 preferentially binds to 
genomic regions with high nucleosome occupancy in cells [115]. In 
addition, Laptenko et al. found that p53 can bind to the target sequence 
in a nucleosome both in vitro and in vivo, leading to the loss of 
nucleosomes and the expression of p21 gene [116]. Moreover, 
single-molecule microscopy in vivo revealed that p53 can bind to 
chromatin in cells [39].  
Although abovementioned experiments characterized the static 
interaction of p53 and nucleosomes, the dynamic interactions between 
p53 and DNA are unclear. For example, how does p53 behave if p53 
encounters single nucleosome during the 1D sliding? In one possibility, 
the 1D sliding of p53 might be blocked by a nucleosome like some DBPs 
[117, 118], and in other possibility, p53 might pass over nucleosomes like 
other DBPs by hopping/jumping or IST [84, 117]. It is also possible that 
p53 might interact with a nucleosome directly because nucleosomal DNA 
has bent structures and p53 tends to interact with non-canonical DNA 
structures [119]. To unveil the real dynamics of p53 searching for the 
target in vivo, the single-molecule observations of p53 on nucleosomal 
DNAs will be important. 
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TRP of DBPs may be determined by whether the target intrinsically 
exists or not  
In Chapter 2, I demonstrated that the regulation of TRP had an 
essential role for the tumor suppressive function of p53. Currently, TRP 
was estimated only for lac repressor by other group [6] and for p53 in this 
study. Target recognition of several DBPs were observed by 
single-molecule imaging. However, there have been no papers which 
focused on TRP, which might suggest that DBPs might have ~100% of 
TRP. Here, I hypothesize that TRP of DBPs is determined by whether the 
target site intrinsically exists in a cell or not.  
My hypothesis might be rationalized as follows. In the case of 
restriction enzymes in bacteria, they recognize and digest the viral DNA, 
meaning that the target site always comes from the outside. Because 
DNA on its own is protected from digestion by methylation, ~100% of TRP 
will not harm bacterial DNAs and will be favorable. In the case of DNA 
repair proteins, they search for the damaged site to prevent the genetic 
instability and the cell death. Because there should be no damaged sites 
in a cell ideally, ~100% of TRP will be favorable to search for the target as 
soon as possible. By contrast, the target site of the transcription factors 
(TFs) is always in the cell and is frequently subject to the exposure by the 
nucleosome remodeling. Therefore, if TRP of TFs is always ~100%, the 
target binding and the expression of downstream genes may occur even 
when the products are not necessary, which causes the waste of energy. In 
the case of p53, if TRP of p53 is always ~100%, the cell cycle arrest or 
apoptosis will be caused in the normal cells, which is dangerous to our life. 
TRP of TFs may be kept low when they are inactive, and TRP of TFs may 
be increased in response to the external stimuli. The ligand binding and 
posttranslational modifications may be responsible for the modulation of 
TRP as demonstrated for p53 in this study. To confirm the 
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abovementioned hypothesis, first of all, it is necessary to observe the 
target binding of DBPs at the single-molecule level and to estimate TRP 
of various DBPs, especially TRP of TFs. 
 
Is IST really important for the target search in vivo? 
In Chapter 3, I demonstrated that the IST rate constant of p53 
was ~108 M-1 s-1 and proposed that the ultrafast IST of p53 would be 
performed to avoid obstacles on DNA in vivo. Thus far, theoretical works 
demonstrated that IST can reduce the target search time of DBPs [11, 58, 
89, 90]. However, there have been no direct evidences that IST really 
occurs in the target search in vivo. Furthermore, as listed in Table 3-2, 
the rate of IST differs largely among DBPs, but DBPs with slower 
transfer rates can also find the target and can work in cells. To elucidate 
the actual role of IST in the target search, it is necessary to compare the 
target search time among DBPs possessing a variety of the IST rate 
constants. In this case, the dynamics of the target search except IST must 
not be different among those DBPs, which seems to be difficult. Further 
investigations are required to reveal the importance of IST in the target 
search in vivo. 
 
TRP and IST of DNA-binding proteins 
In this study, I proposed the importance of TRP and IST for the 
target search of p53. However, the importance of TRP and IST of other 
DBPs was not yet known. It is necessary to examine whether other DBPs 
regulate TRP and can perform IST actually. Because there are many 
types of DBPs, which have various functions and structures, it will be 
significant to observe the dynamics of a variety of DBPs at the 
single-molecule level. The comprehensive investigations may reveal the 
target recognition and transfer mechanisms, and at last, the profound 
and efficient target search mechanisms of DBPs.  
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